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ABSTRACT 
The Effects of Soil Organic Matter Heterogeneity on Equilibrium  
Sorption by Soils and Sediments  
Baohua Xiao  
Weilin Huang, Ph.D. and Susan Kilham, Ph.D. 
 
 
Sorption of nonionic hydrophobic organic chemicals (HOCs) by soil is a phase 
distribution process in which HOCs are preferentially accumulated in naturally-occurring 
soil/sediment organic mater (SOM).  The goal of this study was to identify and 
characterize which SOM component dominates the nonlinear and competitive sorption 
commonly observed for soils and sediments.  I selected five different soils and 
sediments collected from relatively polluted areas.  Different types of SOM were 
isolated from each sample, and were quantified and characterized using different 
physicochemical means.  These isolated SOM fractions and the five original samples 
were used as the sorbents.  Phenanthrene and naphthalene were selected as the target 
HOCs for examining single solute and bisolute sorption equilibria.  The major findings 
include the following three aspects.  Firstly, distinct nonlinear and competitive sorption 
equilibria were observed for all the sorbents.  The results indicate that the particulate 
SOM (black carbon and kerogen) makes the major contributions to the overall nonlinear 
and competitive sorption exhibited by the bulk soils and sediments.  Our finding that 
black carbon and kerogen are equally important in the nonlinear and competitive sorption 
is very different from the recent studies that described black carbon as the dominant SOM 
component but ignored the contribution from kerogen.  Secondly, the results show that 
the sorption on humic acid (HA) is relatively less nonlinear with lower sorption 
 
 
 
xvi
capacities and that the solute-solute competition is comparably insignificant for HA.  
The less important role of HA in the overall sorption by soils is largely due to its low 
content in soils.  This finding is surprisingly unexpected and is very different from a 
textbook notion that HA would be the major component of SOM and would be primarily 
responsible for the HOC sorption.  Lastly, the results further revealed that the 
competitive sorption is not only a function of SOM heterogeneous properties, but is also 
depended up the loading sequence of the coexisting HOC solutes.  When preloaded on a 
soil, the HOCs with larger molecular sizes may occupy the pore network, blocking a 
fraction of micropores with sizes smaller than the sorbates, lowering sorption capacities 
for incoming HOCs of smaller sizes.   
 
 
 
 
 
1
 
CHAPTER 1 :  INTRODUCTION 
1.1 Significance 
 
There are about 70,000 to 80,000 chemicals manufactured each year for various 
military, industrial, agricultural, and domestic purposes, the majority of which are 
organic chemicals.  While utilization of these anthropogenic chemicals has dramatically 
improved life quality for human beings, they are eventually released to the environment, 
causing problematic contamination of groundwater and surface aquatic systems (CEQ, 
1981; U.S. Congress, 1984).  A report by NCR (1994) estimated that there are 300,000 to 
400,000 sites in USA in which ground water and soils have been seriously contaminated by 
organic and inorganic pollutants.   
Once released to the environment, anthropogenic chemicals undergo various 
transport, degradation, and distribution processes that result in large differences in their 
fate and environmental impacts.  Understanding the mechanisms of these processes is 
critical to accurate estimation of the risks and environmental impacts of the chemicals. 
This dissertation focuses on sorption of hydrophobic organic chemicals (HOCs) 
from their coexisting water phase to the soil or sediment phase.  Sorption is a phase 
distribution process that includes adsorption or accumulation of a chemical species at the 
water-soil/sediment interface and absorption or partitioning from the aqueous phase into 
soil/sediment matrices.  It is a fundamental process controlling transport, transformation 
and mass transfer of HOCs in the aquatic environment.  It causes the well-known 
retardation phenomenon for pollutant movement in soils and sediments.  When sorbed 
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on soils and sediments, HOCs become less reactive and less toxic.  Their availability to 
microorganisms and hence their biodegradation rates in surface aquatic and groundwater 
systems are lowered.  It is thus a well cursed factor responsible for the failure of many 
engineered processes for remedy of toxic pollutants at superfund sites.    
The importance of organic pollutant sorption in remedy of hazardous waste 
contaminated sites includes several aspects (Mackay and Cherry, 1989; (NRC), 1994; 
Alexander, 1995; Luthy et al., 1997).  Sorption is regarded as a “chemical transport” 
process.  It is a major fundamental process responsible for operationally-defined natural 
attenuation, an engineering strategy approved by regulators at state levels and widely 
used in the US largely due to its cost-effectiveness.  For highly sorbing HOCs such as 
polynuclear aromatic hydrocarbons (PAHs), the efficiency and effectiveness of many 
remediation technologies such as bioremediation, or chemical oxidation coupled 
bioremediation are constrained by the rates of desorption of HOCs from soils and 
sediments.  Bioavailability and sequestration of sorbed HOCs often appear to contradict 
with each other under site-specific conditions.  From the engineering point of view, 
rapid removal using biological process or physicochemical and biological coupled 
processes relies on fast desorption and full availability of the soil-associated HOCs to 
microorganisms.  Slow and hysteretic desorption thus prolongs the engineering process 
and increases cost of remediation.  On the other hand, sequestration of HOCs within 
soils and sediments variously reduces their chemical and biological activity.  As a result, 
the risks of soil/sediment-bound HOCs to ecosystems and human health are lowered.  It 
is apparent that an integrated engineering strategy should be implemented to take 
advantage of natural sequestration of HOCs in soils and sediments.  Such a strategy 
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should be developed on site-specific conditions with efforts to assess risks of HOCs at the 
sites by differentiating the HOCs fractions that are labile or available vs. resistant or 
sequestered.  Nevertheless, understanding sorption and sequestration of HOCs by soils 
and sediments and the impact of soil/sediment heterogeneity on sorptive phenomena is 
key to development of risk-based strategies for hazardous waste site remediation.   
The study of organic pollutant sorption by soils and sediments has received 
focused attention over the last two decades in the field of environmental chemistry and 
engineering.  The fundamental understanding of the sorption process has evolved 
rapidly due to the continued effort to elucidate the heterogeneous nature of soils and 
sediments and its effect on sorption behavior.  It is generally recognized that sorption of 
HOCs by soils and sediments is dominated by van der Waals interactions between the 
HOCs and soil/sediment organic matter (SOM) and the entropic effect from aqueous 
phase.  A linear partition model was established in early 1980s for description and 
interpretation of HOC sorption equilibrium.  The model was proposed predicated on a 
hypothesis that SOM is a gel-like material having relatively homogeneous physical and 
chemical properties (Chiou et al., 1979; Schwarzenbach et al., 1993).  However, data 
published in 1990s indicated that sorption phenomena observed under equilibrium and 
rate-limiting conditions are inconsistent with the partition model primarily because SOM 
may have very heterogeneous physicochemical properties.  A concept of “soft carbon” 
vs. “hard carbon” SOM was invoked to operationally delineate chemical heterogeneity of 
SOM (Weber et al., 1992; Young and Weber, 1995; LeBoeuf and Walter J. Weber, 1996; 
Weber and Huang, 1996; Xing et al., 1996).  This dual SOM domain concept was shown 
to effectively explain a spectrum of the observed non-partitioning phenomena such as 
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nonlinear isotherms, sorption-desorption hysteresis, and slow rates of sorption and 
desorption.  Experimental studies suggested that sorption by the condensed “hard” 
carbon SOM is energetically more favorable and more nonlinear than sorption by more 
expanded, “soft” carbon SOM (Weber et al., 1992; McGinley et al., 1993; Young and 
Weber, 1995; Huang and Weber, 1997a).  Moreover, the hard carbon SOM may exhibit 
much slower rates of sorption and desorption and more significant sorption-desorption 
hysteresis when compared to the soft carbon SOM (Johnson et al., 2001).   
While the recently proposed dual SOM domain model enjoys its success in 
mechanistic interpretation of different sorption phenomena for HOCs, the nature of the 
hard SOM remains ambiguous.  One could ask following questions: 
What is chemical composition of the hard carbon SOM? 
Can we quantity it? 
Can we isolate it? 
How does it affect the equilibrium sorption and desorption of HOCs? 
Several recent studies have referred to humic acids (HAs) , kerogen, and black 
carbon (BC) as hard carbon SOM and have examined their sorption properties 
accordingly.  HAs with glass transition temperatures higher than the ambient 
temperature exhibit relatively more nonlinear sorption isotherms (LeBoeuf and Weber, 
2000a). Kerogen, defined operationally as organic matter nonextractable with acids, bases, 
or mild organic solvents, is the major naturally-occurring organic matter in the Earth’s 
crust (Durand, 1980). BC is generally defined as a combination of charred residues from 
fossil fuel or biomass and soot or elemental carbon condensed from incomplete fuel 
combustions at elevated temperature condition (Goldberg, 1985). Kerogen and black 
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carbon both have been shown to exhibit significant nonlinear sorptive behavior and 
assumed as major contributors to the overall nonlinear sorption exhibited by soils and 
sediments (Gustafsson et al., 1997; Accardi-Dey and Gschwend, 2002; Ran et al., 2002; 
Accardi-Dey and Gschwend, 2003). 
 
1.2 Objectives 
 
This dissertation attempts to address the above questions in general by 
experimentally quantifying the equilibrium sorption of HOCs by soils, sediments and 
SOM fractions under laboratory conditions.  The overarching goal is to elucidate the 
mechanisms of nonlinear equilibrium sorption by soils and sediments for single- and 
bi-solute systems.  The main foci of this study are on quantifying the equilibrium 
sorption of HOCs for different SOM fractions and differentiating the contribution of each 
SOM fraction to the overall sorption equilibria observed for the bulk soil/sediment.  In 
this study, I hypothesize that the humin fraction, operationally defined as the SOM 
nonextractable with base solution, may contain significant amount of kerogen and black 
carbon (BC).  I further hypothesize that HA, Kerogen, and BC can be quantified and 
that each type of SOM fraction has its own sorption properties for HOCs in single and 
bi-solute systems.    
The objectives of this dissertation are to test these hypotheses by 
1) experimentally determining the sorption and desorption equilibria using a 
bottle-point technique for a set of soils and sediments and the isolated SOM fractions 
from each soil/sediment;   
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2) quantifying the contributions of different SOM fractions to the overall sorption and 
desorption of HOCs;  
3) examining the effects of physicochemical properties of HOCs on the nonlinear 
sorption equilibria;  
4) investigating the effects of coexisting background HOCs on the nonlinear sorption 
equilibria of a target HOC. 
In this study I utilized a set of well characterized soil and sediment samples and 
the SOM fraction isolated from these samples.  Phenanthrene and naphthalene were 
selected as the HOC probes.  The equilibrium sorption of the HOC probes on the 
selected sorbents was conducted using a bottle point technique.  Single solute sorption 
equilibria were measured for quantifying the roles of different SOM fractions on the 
overall sorption by bulk soils and sediments.  The differences in the mechanisms of 
sorption by various SOM fractions were delineated by relating the measured sorption 
capacity and isotherm nonlinearity to the characteristics of the isolated SOM fractions.  
Sorption from binary solute systems was examined using newly designed laboratory 
procedures.  Strong competitive sorption was observed in this study. 
 
1.3 Scope of the Dissertation 
 
This dissertation consists of seven chapters, a bibliography, and an appendix of 
experiment results.  Chapter 2 critically reviews the classical sorption theories and the 
current status of the literature, and identifies the scientific questions in the related 
research field.  Chapter 3 delineates the methodology, materials, and instruments used in 
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the experimental phase of the study.  The procedure for reducing experimental data is 
also included in Chapter 3.  Chapter 4 presents the equilibrium sorption data collected 
for single solute systems and elucidates the roles of different SOM fractions in the 
sorption of phenanthrene and naphthalene by soils and sediments.  Chapter 5 presents 
the equilibrium sorption data collected for bisolute systems involving phenanthrene and 
naphthalene as the competing HOC pair.  The mechanisms of sorptive competition and 
the roles of different SOM fractions in the observed competitive phenomena are 
discussed.  Chapter 6 presents a set of bisolute sorption data collected using three 
different loading sequences for phenanthrene and naphthalene. The effects of sorbate 
loading sequence on competitive phenomena of phenanthrene and naphthalene are 
discussed.  Chapter 7 summaries the major findings of this dissertation work and their 
environmental significance.  The directions for further studies are also briefly discussed 
in Chapter 7. 
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CHAPTER 2 :  BACKGROUND 
 
In this chapter, the current understanding of sorption phenomena, the 
heterogeneous nature of soils and sediments, and the possible effect of soil/sediment 
heterogeneity on HOC sorption are critically reviewed.  The chapter begins with a 
thorough summary of the theories and models proposed in the literature for 
mechanistically interpreting and quantitatively describing equilibrium sorption 
phenomena for soil-water systems involving single and binary HOC solutes.  The 
applicability and limitation of each model are critically evaluated.  The heterogeneity of 
soils, sediments, and SOM is delineated and the general properties of humic acids (HAs), 
kerogen, and black carbon (BC) and their contents in soils and sediments are summarized.  
This chapter details a flowchart proposed by Song et al. (2002) for isolation and 
quantification of different types of SOM.  The major characteristics of different SOM 
fractions isolated by Song et al. (2002) are summarized as an example of heterogeneous 
organic materials contained in typical soils and sediments collected from industrialized 
regions.  The major scientific questions are identified and justification of this study is 
presented at the end of the chapter.   
 
2.1 Equilibrium Sorption Models 
 
The study of organic pollutant sorption began in 1950s when pesticides and 
herbicides were increasingly used for enhancing agricultural productivities.  A major 
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focus of these pioneering studies was to understand how reactivity and efficiency of 
pesticides and herbicides are reduced when they are associated with soil materials.  In 
1970s and 1980s the emphasis of sorption studies was shifted to modeling and prediction 
of the fate and transport of toxic organic pollutants in surface aquatic and groundwater 
systems since water and soil contamination became increasingly a major public concern.  
During 1980s, the classical partition model was advanced and matured as the most 
popular sorption theory for mechanistic interpretation and quantitative prediction of 
equilibrium sorption of HOCs.  Extensive experimental studies in 1990s further 
indicated the complexity of the sorption process and its important role in sequestration 
and bioavailability of organic pollutants in environmental systems.   
 
2.1.1 The Linear Partition Model 
 
Several classic studies found that, when normalized on a basis of organic matter 
or organic carbon fraction, the distribution coefficient for a specific HOC solute between 
water and soil has a relatively constant value for large sets of soils and sediments at 
aqueous-phase solute concentrations near saturation (Chiou et al., 1979; Karickhoff and 
Brown, 1979; Means et al., 1980; Schwarzenbach and Westall, 1981; Chiou et al., 1982; 
Means et al., 1982; Chiou et al., 1983; Karickhoff, 1984).  The equilibrium of the phase 
distribution can be described using the following isotherm equation: 
qe = KD Ce                (2.1) 
where qe and Ce are the equilibrium solid-phase and aqueous-phase solute concentrations, 
respectively, and KD is the linear partition coefficient.  When normalized to the mass 
fraction of organic carbon, fOC, the organic carbon-based partition coefficient, KOC, is 
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defined as 
KOC = KD/fOC                (2.2) 
Substituting Equation 2.2 to Equation 2.1 yields 
qe-OC = KOC Ce               (2.3) 
where qe-OC = qe/foc. 
The finding of relatively constant KOC for a given HOC solute led to the 
development of the conceptual partition model, in which HOC sorption by soils and 
sediments is envisioned as a partitioning or absorption process from thermodynamically 
unfavorable aqueous phase into thermodynamically favorable SOM phase (Chiou et al., 
1979; Karickhoff and Brown, 1979; Means et al., 1980; Schwarzenbach and Westall, 
1981; Chiou et al., 1982; Means et al., 1982; Chiou et al., 1983; Karickhoff, 1984).  The 
model was proposed and predicated on an assumption that SOM is relatively 
homogeneous and may have similar physicochemical properties among soils and 
sediments collected from different geographic locations.  The underlying assumptions 
include that: 1) sorption would be completely reversible or non-hysteretic; 2) the rates of 
sorption would be fast and the local equilibrium assumption, that is widely applied in 
modeling transport of HOCs in aquifer system, would be adequate; and 3) no competitive 
sorption would occur among different HOC solutes that coexist in a given system 
(Schwarzenbach et al., 1993). 
The partition model has been widely used for quantitatively describing the 
distribution of HOCs between soil and water because of its mathematic simplicity and its 
assumed predictability for equilibrium sorption of HOCs.  It involves one parameter that 
can be readily integrated to pollutant transport models with a simple retardation factor.  
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It would presumably provide a much needed means for predicting sorption properties for 
any HOC-soil system because the KOC value was assumed singular for a specific HOC.  
Several empirical equations were established to correlate KOC values with the 
physicochemical properties of HOCs.  They have the following generalized forms. 
OC 1 OW 1log logK a K= b+
b+
             (2.4) 
OC 2 S 2log logK a C=              (2.5) 
where KOW and CS are octanol-water partition coefficient and aqueous solubility limit of a 
solute, respectively, and the coefficients a1, b1, a2, and b2 are statistically regressed 
constants (Chiou et al., 1979; Karickhoff and Brown, 1979; Means et al., 1980; 
Karickhoff, 1981; Schwarzenbach and Westall, 1981; Means et al., 1982; Karickhoff, 
1984; Schellenberg et al., 1984; Chin and Walter J. Weber, 1989).  The n-octanol 
molecule has both hydrophilic function group, e.g. OH, and lipophilic alkyl chain, so that 
it mimics well to some extent the overall polarity of the natural soil organic matter.  It 
was shown that, for many sparely soluble HOCs, the octanol-water coefficient (KOW) is 
more reliable for estimation of the hydrophobicity and is readily available.  As a result, 
the KOC-KOW correlations are used more commonly in environmental chemistry. 
In the 1990s, experimental studies indicated that sorption isotherms are often 
nonlinear over wide ranges of solute concentrations and that the measured KOC values are 
much greater than the KOC values estimated from empirical equations having forms of 
Equation 2.4 or 2.5.  For a given sorbent-sorbate system, the measured KOC value 
increases as Ce decreases and can be several times different for a given soil-HOC system.  
The KOC values measured for a given HOC can differ by more than an order of magnitude 
among different soils and sediments due to large variations in types of SOM.  These 
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observations apparently contradict the linear partition model and challenge the 
predictability of the model for HOC sorption equilibria.   
There are several isotherm models invoked in the literatures for quantitative 
description of the observed nonlinear equilibrium sorption phenomena.  These models 
are summarized below. 
 
2.1.2 The Langmuir Adsorption Model 
 
The Langmuir model is a classic model developed by Langmuir (1918) from the 
thermodynamics and kinetics of adsorption of gases or vapors on a plane surface that 
contains a fixed number of energetically identical active sites.  The model assumes that 
surface adsorption energy is homogeneous, that adsorbate molecules form a monolayer 
coverage on the adsorbent surface, and that there is no interaction among molecules being 
adsorbed on the surface.  The model has the following form 
0
e
e
e1
Q bCq
bC
= +                 (2.6) 
where Q0 is the monolayer adsorption capacity and b is a parameter related to the net 
enthalpy of adsorption.  Because its rigorous assumptions are often not satisfied in 
natural water-soil systems, the Langmuir model is generally regarded as being 
fundamentally inappropriate for quantifying equilibrium sorption of HOCs by soils and 
sediments. 
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2.1.3 The Freundlich Model  
 
The Freundlich sorption equation is often regarded as an empirical model and is 
widely used for describing nonlinear sorption.  It has the following form. 
e F e
nq K C=                  (2.7) 
where the pre-exponential term KF is the Freundlich model capacity, and the exponent n 
is the isotherm nonlinearity parameter. The n value is normally less than 1 because 
sorption isotherms are commonly concave to the concentration axis (Ce) and vary with 
the extent of sorption. Benefits from its mathematical simplicity and better fitting HOC 
sorption data, the Freundlich model has been used frequently for quantifying sorption 
equilibria in HOC-soil systems (e.g., Huang et al., 1997).   
 
2.1.4 Polanyi-Manes Adsorption Model 
 
The Polanyi adsorption model was estimated by Polanyi in 1916 for quantifying 
the adsorption of gas molecule on energetically heterogeneous solids. It was extended to 
a wide range of vapor- and liquid-phase systems by Manes and his co-workers (Manes 
and Hofer, 1969). The model was later referred to as Polanyi-Manes model. 
The Polanyi theory considers that, for a molecule located within the attractive 
force field of a micro-porous solid, there exists an adsorption potential (ε) between the 
molecule and the solid surface. This attraction derives from the induced dipole-induced 
dipole force of the molecule and surface atoms.  The potential ε at a particular location 
within the adsorption space is defined as the energy level required to remove the 
molecule from the location to a point outside the attractive force field of the solid surface.  
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When a gaseous molecule is placed within an attractive force field of a solid, two 
opposing thermodynamic effects occur.  The system energy is minimized by 
concentrating the gaseous molecules into the region of the lowest potential energy, but 
the system entropy is reduced by this process. The change of the system free energy is 
given by:  
dG d VdPε= − +               (2.8) 
where dε−  is the differential potential energy change per mole of the gas; V  is the 
molar volume of the gas; and  is the differential change in the partial pressure of the 
gas. 
dP
At equilibrium:  0dG = . 
The Equation 2.8 becomes: 
d Vdε = P  
or 
VdPε = ∫                 (2.9) 
According to the Polanyi theory, a gas condenses to form a liquid or liquid-like 
adsorbate at the surface if ε is sufficiently large to overcome the work required to 
concentrate the gas from the ambient equilibrium pressure P (where ε =0) to its saturation 
pressure P0 at the equal potential surface.  If the gas is treated as an ideal gas, Equation 
2.9 becomes: 
0
ln PRT
P
ε ⎛ ⎞= ⎜⎝ ⎠⎟                (2.10) 
In the case of solution, in order to be condensed on the adsorbent surface the 
solute has to replace an equal volume of the solvent. The adsorption potential of a 
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partially miscible solute can be expressed as: 
s
sl s l
l
V
V
ε ε ε ⎛ ⎞= − ⎜ ⎟⎝ ⎠
              (2.11) 
where slε  refers to the molar adsorption potential of the solute from solution; sε  refers 
to the molar adsorption potential of the solute; and lε  refers to the molar adsorption 
potential of the solvent. 
By assuming an ideal solution, similar to that in the ideal gas case, we have: 
ln ssl
e
CRT
C
ε ⎛= ⎜⎝ ⎠
⎞⎟                (2.12) 
where sC  is the solubility limit of the solute in the solvent at temperature, T, and  is 
the solute concentration in the solvent at equilibrium condition. 
eC
Combining Equations 2.11 and 2.12, we have: 
lnsl s l s
es s l s
RT C
CV V V V
ε ε ε ⎛ ⎞ ⎛ ⎞= − = ⎜ ⎟ ⎜⎝ ⎠⎝ ⎠ ⎟
           (2.13) 
The above equation indicates that the net solute adsorption potential density ( sl
sV
ε ) is 
simply the difference between the potential densities of the pure solute ( s
sV
ε ) and the 
solvent ( l
lV
ε ). 
Equation 2.13 was found to be most successful for describing adsorption of 
partially miscible liquid solutes from solution. In this case, the effective molar volume of 
the liquid adsorbates ( sV ) is practically the same as the molar volume of the pure liquid.  
In the case of solid solutes, the effective adsorbate molar volume may well exceed that of 
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the pure substance because the packing of the condensed solid crystallite into fine pore 
spaces may be hindered significantly by crystalline structure.  However, because 
sorption by soils and sediments is not a simple surface adsorption phenomenon, its 
application may be limited.  Crittenden et al. (1987) considered the contribution of 
partition and rewrote the Polanyi model into the following equation 
0
e 10
b
sl
S
a
Vq Q K C
ε
ρ
⎛ ⎞⎜ ⎟⎝ ⎠= × × + P e            (2.14) 
where Q0 is the adsorption capacity at saturation; ρ is the solute density; a and b are 
fitting parameters; KP is the partition coefficient.  This model was employed by Xia and 
Ball (2000) for describing sorption of several HOCs by selected soils and sediment. 
 
2.1.5 The Distributed Reactivity Model and Dual SOM Model 
 
By noting that soils and sediments are highly heterogeneous at both the 
microscopic and the particle scales, Weber et al. (1992) introduced the concept of 
multiple discrete reactive minerals and SOM domains for explaining the non-linear and 
non-ideal behavior of HOC sorption.  They invoked a composite distributed reactivity 
model (DRM) to quantify nonlinear sorption equilibrium phenomena and introduced a 
notion of “hard carbon” (less oxidized) vs “soft carbon” (easily oxidized) SOM for 
respectively distinguishing diagenetically-altered kerogen-like and geologically-young 
humic SOM.  They demonstrated that the hard carbon SOM exhibits more nonlinear and 
thermodynamically sorption for HOCs and that the soft carbon SOM exhibits less 
nonlinear and thermodynamically less favorable or partition-related sorption behavior.  
The logic underlying the DRM is that soils and sediments can be treated as a combination 
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of active organic and inorganic components with respect to sorption equilibria. Each 
component has its own sorption energy and sorptive properties, and exhibits either a 
non-linear (e.g., Freundlich or Langmuir) or linear sorption with respect to a particular 
solute.  The overall sorption isotherm for a natural solid is therefore the sum of the 
sorption isotherms of all the active components (Weber et al., 1992).  That is,   
N
j
e
j=1
q = ∑ eq
e
e
                (2.15) 
and specifically,  
j
N
j j
e L D,L e NL F
j=1
nq X K C X K C= + ∑            (2.16) 
where XL and XNL are the mass fractions of solid phases exhibiting linear (L) and 
nonlinear (NL) sorption behavior; KD,L is the mass-averaged sorption coefficient for the 
summed linear components; N is the number of discrete reactive sorption domains and 
should typically be only 1 or 2 (Weber et al., 1992).  In a simplified case, Equation 2.16 
can be reduced to the following form 
e D e F
nq K C K C= +               (2.17) 
In the context of DRM, sorption into soft carbon SOM is described by a partition 
process and can be represented by the linear partition model (Equation 2.1).  Conversely, 
sorption on hard carbon SOM is treated as an adsorption process and can be described by 
the Langmuir sorption model.  Because sorption site energies on hard carbon SOM are 
heterogeneous, its overall sorption equilibrium can be approximated by the Freundlich 
equation.  By assuming a certain distribution pattern for sorption-site energies for 
heterogeneous soils, Equation 2.15 can be derived from fundamental sorption theory 
using a patchwise approach (Carter et al., 1995). 
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The concept of hard and soft carbon has since been refined scientifically with the 
collection of additional experimental data.  McGinley et al. (1993) observed that the 
sorption capacity of a primary HOC is reduced in the presence of a second HOC 
coexisting in a system and found that such a competitive effect can be modeled using 
single-solute isotherm parameters and the ideal adsorption solution theory (IAST).  
Young and Weber, 1995, invoked the dual-SOM domain concept to explain large 
variations they observed in the measured isosteric heats of sorption for soils and 
sediments.  The dissertation work by Huang (1997), along with the studies conducted by 
Young (1995) and LeBoeuf (1998) extended the DRM to more generally applicable and 
fundamentally sound conceptual models that account for numerous nonideal sorption 
behavior and are fundamentally superior to the partition models. 
Similarly, Xing and Pignatello noted that sorption to a peat soil and its 
fractionated components become progressively nonlinear in the order of: humic acid, 
original peat, and humin (Xing et al., 1996; Xing and Pignatello, 1997).  They believed 
that this sequence reflects the increasingly “glassy” (i.e., rigid or condensed) nature of 
organic matter by an analogy of humic macromolecules to organic polymeric structures.  
Xing and Pignatello (1997), LeBeouf and Weber (1997), and Huang et al. (1997) invoked 
a dual-mode sorption model for interpreting nonlinear sorption of HOCs on SOM.  They 
argued that the overall sorption to SOM is the sum of the sorption in the 
dissolution-partition domain, qe,L, and the sorption in the hole-filling or surface 
adsorption domain, qe,NL. 
0N
i i e
e e,L e,NL D e
i 1 i e1
Q bCq q q K C
bC=
= + = + +∑           (2.18) 
where KD is a lumped partition coefficient resulting from all available 
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dissolution-partition domains; bi and Qi0 are the affinity and capacity constants, 
respectively, for each type of adsorption sites.  For N = 1, a limiting case of equation 
2.17 for adequate description of the nonlinear sorption phenomena is reduced to the 
following   
0
i i e
e D e
i e1
Q bCq K C
b C
= + +               (2.19) 
 
2.2 Sorption Equilibria in Mixed HOC Systems  
 
Mixtures of different HOCs are commonly found in contaminated surface aquatic 
and groundwater systems.  Physical, chemical and biological processes that control the 
fate, transport and bioavailability of individual pollutants may vary in the presence of 
other solutes.  Understanding of the competitive effects is key to accurately predicting 
the extent and the influence of contamination by mixed chemicals on environmental 
systems, estimating their transport and chemical and biological reactivity, and for 
assessing water quality and environmental risks. 
Accurate prediction of competitive sorption of HOCs in water-soil system 
possesses a great challenge.  One major difficulty is the lack of sufficient data.  As 
summarized above, sorption has been extensively studied over the last two decades, but 
such studies focused primarily on single-solute systems.  Studies on sorption of multiple 
solutes from aqueous solution to soils and sediments were quite limited, and the results 
appeared to contradict each other.  Chiou et al. found that the equilibrium sorption of 
1,3-dichlorobenzene (DCB) and 1,2,4-trichlorobenzene (TCB) by Woodburn soil fell on 
the lines of their respective single-solute sorption isotherms, indicating that there is no 
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competitive sorption for the systems they examined (Chiou et al., 1983; Chiou and Shoup, 
1985).  Karickhoff and Brown (1979) also reported that there is no competitive sorption 
between phenanthrene and pyrene.   
In contrast, other studies found that sorption capacity, isotherm nonlinearity, and 
desorption of HOCs are affected significantly in the presence of other HOC solutes 
(Pignatello and Huang, 1991; Weber et al., 1992; McGinley et al., 1993).  The results 
indicated strong displacement of one solute by another on soils.  These phenomena are 
inconsistent with the partitioning model described in studies cited above.   
Similar nonlinear and competitive sorption phenomena are reported by Xing et al. 
(1996) for a glassy polymer and humic acid-containing soils and peats using atrazine (AT) 
as the primary solute and prometon (PR) and trichloroethylene (TCE) as the background 
solutes.  They also reported linear and noncompetitive sorption for rubbery polymers 
using the same set of organic solutes.  Xing and Pignatello (1998) further examined 
bisolute sorption behavior for SOM using 1,3-dichlorobenzne (DCB) and 
2,4-dichlorophenol (DCP) as the primary solutes and natural aromatic acids as the 
background organic solutes.  They claimed that competitive sorption may not occur in 
the dissolution domain of the tested SOM matrices. It is rather likely associated with a 
hole-filling domain of SOM.  They attempted to invoke the detailed micropore-filling 
mechanisms for explaining the observed competitive sorption phenomena, but such 
explanation appears not substantive since the microporous nature of the tested sorbents is 
currently not fully understood.   
Li and Werth (2000) studied competitive sorption for a bisolute system composed 
of trichloroethene (TCE) and tetrachloroethene (PCE) for three natural solids, two 
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polymers, and four zeolites.  They found that the extent of sorptive competition between 
TCE and PCE may be related to the contents of hard carbon SOM. They suggested that 
the tested volatile organic contaminants may compete for hydrophobic “sites” associated 
with internal microporous surfaces within hard carbon SOM.     
In all the studies cited above, the ideal adsorption sorption theory (IAST) was the 
most popular model applied for simulating bisolute sorption on synthetic and natural 
sorbents.  The model was first applied by Crittenden and Weber (1978) to model 
sorption capacities of organic pollutants by activated carbon and now is commonly used 
for quantifying sorption of HOC mixtures on soils and sediments.  The IAST was 
developed based on an assumption of equal spreading pressures of both solutes at 
equilibrium condition.  In other words, each individual HOC solute in an HOC-soil 
system has the same spreading pressure when they adsorb on sorbent surfaces.  The 
model also assumes that the activity coefficients of all adsorbates in both the solution and 
adsorbed phases are unity; i.e., at the ideal solution condition.   
If the single-solute sorption can be described by Freundlich model, the spreading 
pressure (π) of the adsorbate can be expressed as 
F eRTK C
An
π =                (2.20) 
where is A is the specific surface area of sorbent, and KF and n are the Freundlich 
parameters. 
At constant spreading pressure conditions: 
S S
e,1 e,2 e,i
1 2
q q q
n n n
= = ⋅⋅ ⋅ =
S
i
             (2.21) 
where  is the molar concentration of the ith adsorbate on the solid phase and nSe,iq i is the 
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Freundlich parameter of the ith adsorbate.  A relationship between the solution-phase 
concentration of any adsorbate and its concentrations in the solid phase is given by 
i
1
Mk
e,j
M
j=1 je,iM
e,i
e,T F,i i
nq
nq
C
q K n
⎛ ⎞⎜ ⎟⎜= ⎜⎜ ⎟⎜ ⎟⎝ ⎠
∑ ⎟⎟              (2.22) 
where  and n are Freundlich model parameters;  and  are the equilibrium 
concentrations of the ith component in solution and solid phase, respectively.  is the 
sum of the solid-phase concentrations of all the adsorbates involved.  The mass balance 
equation for each adsorbate is given below: 
FK
M
e,iC
M
e,iq
e,Tq
M M
M 0,i e,i
e,i
0
( )C C V
q
D
− ×=              (2.23) 
where  and , are equilibrium concentrations of the ith component in solid and 
solution phases, respectively;  is the initial concentration of the ith component in 
solution phase; and D
M
e,iq
M
e,iC
M
0,iC
0 is the dosage of solid sorbent; and V is the volume of solution. 
To apply Equations 2.20-22 for a binary sorption system, the Freundlich sorption 
isotherm parameters of each sorbate must be measured independently for the two 
single-solute systems under the same experimental conditions as for the binary systems.  
In a binary sorption system, the competitive sorption of Solute I and Solute J can be 
simulated using the following four equations: 
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J
1
B,M B,M B,M
e,J I e,J J e,IB,M
e,J B,M B,M S,M
e,J e,I I F,J
nq n q n q
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟           (2.24) 
 
I
1
B,M B,M B,M
e,I I e,J J e,IB,M
e,I B,M B,M S,M
e,J e,I J F,I
nq n q n q
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟           (2.25) 
 
J
1
B,M B,M B,M
e,J I e,J J e,IB,M B,MReactor
e,J 0,J B,M B,M S,M
Sorbent e,J e,I I F,J
nq n q n qVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜⎢ ⎥⎜+ ⎝ ⎠⎢ ⎥⎣ ⎦
⎟⎟       (2.26) 
 
I
1
B,M B,M B,M
e,I I e,J J e,IB,M B,MReactor
e,I 0,I B,M B,M S,M
Sorbent e,J e,I J F,I
nq n q n qVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜⎢ ⎥⎜+ ⎝ ⎠⎢ ⎥⎣ ⎦
⎟⎟       (2.27) 
where the superscripts B, S and M refer to bisolute, single solute, and molar 
concentrations, respectively.  The subscripts I, J, e, and 0 refer to Solute I, Solute J, 
equilibrium condition, and initial condition, respectively.  C0M and CeM (µmol/L) are 
solution phase concentrations at initial and equilibrium conditions, and qeM (µmol/g) is 
the solid-phase concentrations.  Parameters n and KF are defined above, but that KF has 
units of (µmol/g)/(µmol/L)n.  VReactor and MSorbent are the volume (L) of the CMBR and 
the mass (g) of the sorbent, respectively.   
In spite of the common occurrence of HOC mixtures in natural environment, there 
are a limited number of competitive sorption studies in the literature, and even fewer 
studies focus on the differences of competitive sorption by systematically isolated SOM 
fractions and the competitive behaviors when HOC sorbates are loaded on soil or 
sediment samples with different sequences.   
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2.3 Geochemical Heterogeneity of Soil or Sediment particles 
 
Soils, sediments, and aquifer materials are highly heterogeneous and are 
composed of various inorganic and organic constituents.  These constituents can be 
divided into three reactive domains for HOC sorption (Weber and Huang, 1996), 
including (i) an exposed mineral surface domain, (ii) an amorphous SOM domain, and 
(iii) a condensed SOM domain.  Figure 2.1 presents a schematic illustration of the 
heterogeneous structure of a soil or sediment particle. 
 
2.3.1 Soil Minerals and Their Roles in HOC Sorption  
 
The major inorganic components in natural soil and sediments are often 
crystalline minerals and amorphous inorganic deposits.  Kaolinite, bentonite, quartz, 
feldspars, calcite, gibbsite, and goethite are commonly found mineral species in soils and 
sediments.  
The mechanism for the sorption of HOCs on mineral surfaces is believed to be 
relatively simple.  Schwarzenbach et al. (1993) proposed a vicinal-water model by 
assuming that the sorbed HOC molecules do not directly contact charged mineral 
surfaces.  Rather, there is a layer of water molecules or even electrolytes that compete 
for high-energy sites on surfaces and act as charge neutralizers for the charged surfaces.  
HOC molecules are accordingly "adsorbed" on this relatively ordered water molecule 
layer.  This speculation is consistent with the extremely low heat of sorption and low 
capacity for HOCs on mineral surfaces (Huang and Weber, 1997b).  
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Figure 2.1 Schematic illustration of a soil or sediment particle and its associated 
domain types.  
from (Huang, 1997) 
 
Previous studies have shown that the rates of sorption of HOCs on non-porous 
mineral surfaces are relatively fast (Backhus and Gschwend, 1990; Haderlein and 
Schwarzenbach, 1993; Schlautman and Morgan, 1993; Huang et al., 1996a; Piatt et al., 
1996) and may be dependent on solution chemistry (Schlautman and Morgan, 1994).  
Depending on mixing conditions, sorption on external mineral surfaces attains 
equilibrium within an order of hours.  Sorption isotherms of non-ionizable HOCs on 
mineral surfaces are commonly linear in character (Schwarzenbach and Westall, 1981; 
Mingelgrin and Gerstl, 1983; Huang et al., 1996a; Piatt et al., 1996).  The distribution 
coefficients (KD) depend primarily on the hydrophobicity of the sorbing solute and the 
specific surface area of the sorbent (Backhus and Gschwend, 1990; Schwarzenbach et al., 
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1993; Piatt et al., 1996; Goss and Eisenreich, 1997).  In addition, solution-phase and 
sorbent surface chemistries may exert secondary influences on KD (Stauffer et al., 1989).   
When SOM is present in soil or sediment, sorption of moderately HOCs on 
mineral surfaces is often insignificant, and can be ignored.  For instance, Mader et al. 
(1997) have calculated that sorption of weakly polar hydrophobic compounds to SOM 
predominates as long as the fraction of organic carbon is above ~0.01% of total soil mass.  
Borden aquifer material with only 0.02 wt% of TOC exhibits nonlinear sorption 
behaviors, which are dominated by the particulate organic matter (Ran et al., 2003).  It is 
likely that the mineral matrix only plays an indirect role by occluding or shielding bits of 
SOM in intra-particle pores (Holmen and Gschwend, 1997).  Hence, this study just 
focuses on the sorption by SOM. 
 
2.3.2 Heterogeneity of SOM 
 
The mineral matrix is impenetrable and rigid; hence, sorption to mineral 
components is a surface or near-surface interaction and takes place in a fixed pore system. 
The same cannot be assumed for organic matter due to the permeable, flexible nature of 
the organic solid state, as exemplified by synthetic polymers.  The nature of SOM is a 
crucial issue for HOC sorption by soils and sediments. 
SOM is decomposed plant and microbial material consisting of nonhumic and 
humic substances.  The nonhumic substances have recognizable physical and chemical 
properties and consist of carbohydrates, proteins, peptides, amino acids, fats, waxes, and 
low-molecular-weight acids.  These compounds can be decomposed or mineralized 
easily by soil microorganisms and can exist in soil for short periods of time.  Humic 
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substances are often regarded as the major organic matter in soil.  It is generally defined 
as “a category of naturally occurring biogenic, heterogeneous organic substances that can 
be characterized globally as being yellow to black in color, of high molecular weight, and 
refractory” (Aiken et al., 1985).  Humic substances can be further divided into fulvic 
acid (FA), humic acid (HA), and humin.  Fulvic acid is the SOM fraction that is soluble 
under all pH conditions.  Humic acid is soluble in aqueous solutions at pH >12 but 
insoluble at pH of <2.0.  Humin is the SOM fraction non-extractable with aqueous 
solutions of all pH.  Among different types of SOM, humic materials are the dominant 
active components for HOC sorption. Simple organic chemicals, dead cells, and root 
debris may be abundant in topsoils and sediments (Sposito, 1989; Tan, 1994), but they 
probably have little or no affinity for HOCs. Other organic fractions such as fatty acids 
(lipids) may have high binding energies for HOCs.  However, they may exist in very 
small quantities in soils and sediments such that they are expected to an insignificant role 
in HOC sorption (Tan, 1994).    
 
2.3.2.1 Humic Substances and its roles in HOC sorption 
 
As stated above, humic substances are operationally classified as fulvic acids, 
humic acids and humin.  When extracted and purified, fulvic acid is generally 
yellow-colored whereas humic acid is black-colored.  Compared to humic acid, fulvic 
acid has a higher content of carboxylic and phenolic groups and higher hydrogen to 
carbon (H/C) and oxygen to carbon (O/C) atomic ratios (Aiken et al., 1985).  Fulvic 
acids are smaller in size, while humic acids have larger molecular sizes.  Humin is 
conventionally believed to have even larger molecular size and less polar structures than 
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humic acids (Rice and MacCarthy, 1991).  Both fulvic and humic acids are 
macromolecular anions with multiple functional groups such as carboxylic, phenolic, 
hydroxyl groups that can be protonated/deprotonated in aqueous solutions over a wide pH 
range.  As products of microbial activities, the macromolecules are either polymerized 
(humified) from many simple organic compounds of different structures and chemical 
compositions, or oxidized from dead organisms such as plant debris and biopolymers 
such as lignin.  Monomers of hetero-aromatic rings may be linked together through 
different covalent bonding such as methoxyl, hydrogen bondings, or even held loosely by 
van der Waals interactions.  Pyrolysis-GC-MS studies indicate that more than a hundred 
structural segments can be evolved upon heating of fulvic and humic acids, and none of 
these segments dominates (Saiz-Jimenez, 1994b; 1994a).  Size exclusion 
chromatography studies show that any given humic acid material has molecular weight 
spanning continuously over a wide range, but no single humic molecule can dominate.  
Fulvic and humic acids have molecular weights ranging from a few hundred to ~2000 
Daltons and from a few thousand to several hundred thousand Daltons, respectively 
(Cabaniss et al., 2000).  Various nuclear magnetic resonance (NMR) spectroscopic 
analyses often provide poorly-resolved and convoluted resonance peaks for humic and 
fulvic acids, suggesting that functional groups of humic materials are attached to 
heterogeneously-structured carbon atoms (Mao et al., 2001).  Acid-base titration also 
indicates that deprotonation/protonation of humic and fulvic acids is continuous over 
solution pH ranging from below 3 to above 10, suggesting that carboxylic and phenolic 
functional groups are bound to variably structured carbon atoms and hence have a 
spectrum of affinities for proton (Christl and Kretzschmar, 2001). 
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Despite of their chemical, structural, and molecular heterogeneity, fulvic and 
humic acids may exhibit certain bulk physicochemical properties similar to those of 
organic polymeric materials.  Swelling due to solubilization of simple less-polar and 
nonpolar molecules (Lyon and Rhodes, 1993) and glass transition phenomena (Leboeuf 
anf Weber, 2000a) have been reported recently.  Some researchers have suggested that 
humic acid aggregates can be considered as an analogy to well-structured organic 
polymers (LeBoeuf and Weber, 1997; 2000b; 2000a; Young and LeBoeuf, 2000).  Such 
a humic-polymer analogy provides a scientific foundation of the dual-mode sorption 
model introduced in the previous section.  The thermodynamic interpretation of the 
observed glass transition behavior and its mechanistic relation to varied HOC sorption 
phenomena exhibited by humic acids were analyzed by Weber et al. (2001).   
 
2.3.2.2 Kerogen and Black Carbon and their Roles in HOC Sorption 
 
One of the major unsolved soil chemistry problems is the nature of humin.  So 
far, no one has been able to delineate what the humin is beyond its operational definition; 
i.e., the SOM fraction nonextractable with aqueous solutions of all pH conditions.  
Because of its nonextractability, the physical and chemical nature of humin is the least 
well understood among the three humic fractions.  Rice and MacCarthy (1991) used a 
strong organic solvent to extract organic matter from the operationally defined humin.  
They found that the organic solvent-extracted fraction has no significant difference in 
chemistry from humic acids.  Its resistance to base-extraction may relate to its greater 
number of carboxylic groups compared to humic acids such that it can bind on minerals 
more strongly than humic acids.   
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According to its operational definition, humin may include complex SOM ranging 
from unaltered or less-altered biopolymers such as lignin and polysaccharides (Hatcher et 
al., 1985), mineral-bound lipids and humic acid-like materials (Rice and MacCarthy, 
1990), kerogen and black carbon (Song et al., 2002).  In the organic geochemistry 
literature, humin has been considered as macromolecules having molecular weights 
greater than humic acids or precursors of kerogen and hence termed alternatively as 
“protokerogen”.  It contains acid-hydrolysable structure segments that, along with 
biopolymers such as carbohydrates, proteins and esters, can be removed using an acid 
treatment procedure (Engel and Macko, 1993).   
It is highly likely that humin may contain particular organic matter such as 
kerogen and black carbon.  By operational definition, kerogen is the organic matter 
fraction that is not soluble in acids, bases, nor mild organic solvents.  It is the major 
organic constituent of coal and is the parental material for producing crude oil and natural 
gas in geological formations.  Black carbon is loosely defined as products of incomplete 
combustion of organic matter including biomass, fossil fuels, and natural gas.  It can be 
the residue of incomplete oxidation of organic matter (e.g., char and charcoal) or fine 
particular matter condensed from organic carbon vapor (e.g., elemental carbon, and soot).  
According to the geochemistry literature, kerogen can be classified to Type I, II 
and III (Figure 2.2) corresponding respectively to the source materials of fatty acid-rich 
animal and microorganism remnants, pollens and cuticles, and plant tissues and cellulose 
(Durand, 1980; Stach et al., 1982; Tissot and Welte, 1984).  Each type of kerogen 
consists of a spectrum of organic materials that have undergone different degrees of 
geochemical alterations ranging from early diagenesis to late diagenesis (production of 
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crude oil), catagenesis (production of natural gas), and to metagenesis or graphitization, 
depending upon the conditions of temperature, pressure, and duration under which 
kerogen had been buried in the subsurface.  
Molecular structures of kerogen and black carbon are very different from those of 
humic acids.  Kerogen has a three-dimensional structure with aromatic nuclei 
crosslinked by aliphatic chain-like bridges (Durand, 1980; Tissot and Welte, 1984).  The 
nuclei appear to be formed mainly from clusters (about 100 nm in diameter) of 24 or 
more parallel aromatic sheets separated by gaps or voids having an average width of 
30-40 nm, and are thus capable of trapping small hydrophobic organic solutes.  The 
aromatic sheets contain up to ten condensed aromatic homocyclic or heterocyclic rings.  
Bridges that crosslink nuclei together are linear or branched aliphatic chains, and/or 
oxygen- or sulfur-containing functional groups.  Both nuclei and bridges may have 
various functional groups, but the total number of these groups is limited (Durand, 1980; 
Engel and Macko, 1993). 
 
 
 
 
32
A
B
Type I
Type II
Type III
O/C Atomic Ratio
0.1 0.50.40.30.2
1 0.
0.5
1 5.
2 0.
0.0
0.0
 
Figure 2.2 The evolution pathways of three types of kerogen. 
The two dashed lines, A and B, represent the approximate boundaries of 
diagenesis-catagenesis and catagenesis-metagenesis, respectively. (Durand, 1980) 
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Black carbon or charred materials are categorized in coal petrology as Type IV 
kerogen which is likely independent of source materials and is located in the regions of 
late catagenesis and metagenesis (shown in Figure 2.2).  The physical and chemical 
properties of black carbon may vary due to its widely-varied source materials and 
combustion conditions.   It has three-dimensional structures with stacked aromatic 
sheets as backbones.  Aliphatic carbons should be much less abundant compared to 
kerogen because chain structures are easily cracked and eliminated under relatively high 
temperature conditions.  Under petrographical microscopy black carbon has unique 
fusinite and semifusinite macerals, highly porous nature, and appears to be more fragile 
than coal (kerogen) particles, suggesting that the black carbon matrices do not have the 
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same flexibility as coals (Song et al., 2002).  It should be noted that kerogen and black 
carbon found in soils and sediments may have undergone various alterations during 
transport, sedimentation, and burying, and that their surface properties and even chemical 
compositions may be different respectively from those of unweathered kerogen or freshly 
formed black carbon (Song et al., 2002). 
Recent studies disclosed that matured kerogen and black carbon or soot particles 
are important organic constituents in soils and sediments and their contents vary from a 
few percent to as high as 80% of the TOC (Accardi-Dey and Gschwend, 2002; Song et al., 
2002).  Coals composed mainly of kerogen are widely dispersed to the environment 
during mining, transportation, and combustion.  Fine particles of coal can be transported 
via atmospheric circulation and surface run-off and become associated with soils and 
sediments (Ghosh et al., 2000; Karapanagioti et al., 2000; Karapanagioti et al., 2001; 
Song et al., 2002). 
Depending upon its origin, black carbon freshly formed from liquid fuel 
combustion may be highly aromatic and reduced and often called soot, whereas black 
carbon formed from incomplete combustion of biomass and coals often has textures and 
morphologies of parental materials (Goldberg, 1985; Donnet et al., 1993) and is 
commonly called char.  The presence of black carbon or elemental carbon in marine and 
lacustrine sediments and sedimentary rocks is relatively well known (Goldberg, 1985; 
Schmidt and Noack, 2000).  Indeed, its variation in dated sediment cores or sedimentary 
rocks has been used as an indicator for paleoclimatological change at the regional or even 
global scales (Goldberg, 1985; Karls and Christensen, 1998); high contents of black 
carbon relate to dry weather that causes high frequency of forest fires.  Anthropogenic 
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activities have dramatically increased the input of black carbon to the environment as it 
can be transported via atmospheric circulations and surface run-offs.  Black carbon flux 
from the Mississippi River to the Gulf of Mexico, for instance, was estimated to be about 
a half million ton per year, of which a quarter may be derived from coal and 
smelter-derived combustion (Mitra et al., 2002). 
Quantification and characterization of matured kerogen and black carbon is very 
challenging because of the complexity of soil.  Several methods available for 
quantifying BC contents in soils, sediments, and sedimentary rocks involve thermal 
and/or chemical oxidation to destructively remove non-BC fraction and/or mineral matrix 
(Lim and Cachier, 1996; Gustafsson et al., 1997; Karls and Christensen, 1998).  Due to 
the heterogeneity of BC and varied capability for removing non-BC fraction and altering 
BC of different origins, BC contents measured using different methods for a given 
sample may vary dramatically (Schmidt and Noack, 2000; Schmidt et al., 2001).  Weber 
et al. (1992) employed overdosed-persulfate solutions to oxidize the soft carbon SOM at 
121°C and quantified its contents for soils by measuring the CO2 evolved.  
Karapanagioti et al (2001) isolated various types of particulate organic matter by 
chemically dissolving inorganic matrix in concentrated HCl/HF solutions followed by 
gravity separation of SOM in a zinc bromate solution having a density of 2.0 g/mL.  
Gustafsson et al. (1997) oxidized sediment samples at 375 ºC for 24 h in the presence of 
oxygen to separate soot carbon from organic carbon.   
In a recent study, Song et al. (2002) developed a comprehensive procedure 
combining demineralization, Soxhlet extraction, base extraction, and dichromate 
oxidation for quantitatively fractionating SOM into four fractions: humic acid (HA), 
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black carbon (BC), kerogen + black carbon (KB), and humic acid + kerogen + black 
carbon (HKB).  Figure 2.3 presents the flowchart of the wet chemical procedure that 
combines acid demineralization, base extraction, and dichromate oxidation.  
Quantification of the isolated SOM fractions for one soil and three sediments shows that 
black carbon and kerogen constitute 57.8-80.6% of the total organic carbon (TOC), and 
that the relative content of black carbon ranges from 18.3 to 41.0% of the TOC.  
Systematic characterization of the isolated SOM fractions shows that both black carbon 
and kerogen have sizes ranging from a few microns to above 100 m and that, compared 　
to humic acids, they both have relatively low O/C and H/C atomic ratios and low contents 
of oxygen-containing functional groups. 
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2.3.3 The Roles of HA, BC, and Kerogen in the HOC sorption by soils and 
sediments 
 
Sorptive characteristics of HA, kerogen and BC have been examined in a number of 
prior studies (Wolbach and Anders, 1989; Grathwohl, 1990; Lim and Cachier, 1996; 
Huang et al., 1997; LeBoeuf and Weber, 1997; Chiou and Kile, 1998; Karls and 
Christensen, 1998; Xia and Ball, 1999; Bucheli and Gustafsson, 2000; Ghosh et al., 2000; 
Karapanagioti et al., 2001; Accardi-Dey and Gschwend, 2002; Ran et al., 2002).  
Binding of HOCs such as PCBs and PAHs to dissolved HAs has often been described 
quantitatively using the partition model, and the partition coefficients were found to 
correlate well to the hydrophobicity of the HOCs and the structureal properties of HAs 
(Gustafsson and Gschwend, 1998).  Sorption of HOCs to HA solids is variably nonlinear, 
depending upon the chemical compositions and molecular characteristics of HAs, the 
HOC properties, and temperature conditions (Wolbach and Anders, 1989; Huang et al., 
1997; Ghosh et al., 2000; LeBoeuf and Weber, 2000a; Karapanagioti et al., 2001).  HAs 
with glass transition temperatures higher than the ambient temperature exhibit relatively 
more nonlinear sorption isotherms for HOCs of relatively larger molecular sizes and 
greater hydrophobicity such as PAHs (Wolbach and Anders, 1989; Huang et al., 1997; 
Ghosh et al., 2000; LeBoeuf and Weber, 2000a).  The organic-carbon normalized 
sorption capacities generally correlate with the hydrophobicity of HOCs and the 
properties of HAs such as polarity and relative contents of different HA structural 
components such as aromatic vs. aliphatic carbons (Lim and Cachier, 1996).   
Recent studies on HOC-soil interactions have centered on quantification of 
particulate kerogen and BC and characterization of their potential contributions to the 
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overall sorption by soils and sediments (Griffin and Goldberg, 1981; Lim and Cachier, 
1996; Gustafsson et al., 1997; LeBoeuf and Weber, 1997; Kleineidam et al., 1999; Xia 
and Ball, 1999; Bucheli and Gustafsson, 2000; Accardi-Dey and Gschwend, 2002; Ran et 
al., 2002).  Kerogen, defined operationally as organic matter nonextractable with acids, 
bases, or mild organic solvents, is the major naturally-occurring organic matter in the 
Earth’s crust (Wilson, 1987).  BC is generally defined as a combination of charred 
residues from fossil fuel or biomass and soot or elemental carbon condensed from 
incomplete fuel combustion at elevated temperature conditions (Mao et al., 2001).  
Weber et al. (2001) found that kerogen-containing shale particles in glacier tills exhibit 
more nonlinear isotherms with higher sorption capacities.  They proposed the concept of 
soft vs. hard carbon SOM for describing the particle-scale SOM heterogeneity and 
invoked a distributed reactivity model for quantifying distinctly different sorption 
phenomena exhibited by various types of SOM.  Petrographic examinations and less or 
non-destructive separation of SOM indicated that a wide spectrum of diagenetically 
altered organic materials such as coal particles are commonly present in soils, sediments, 
and aquifer materials (Griffin and Goldberg, 1979; Aiken et al., 1985; Engel and Macko, 
1993; Lim and Cachier, 1996; Bucheli and Gustafsson, 2000; Schmidt and Noack, 2000; 
Gelinas et al., 2001; Masiello et al., 2002).  Shales, kerogen isolated from shales, and 
coal particles identified in sediments and soils were shown to exhibit more nonlinear 
isotherms and much greater sorption capacities than humic acids (Aiken et al., 1985; 
LeBoeuf and Weber, 1997; Kleineidam et al., 1999; Xia and Ball, 1999; Bucheli and 
Gustafsson, 2000).  Several recent studies concluded that BC may play the dominant 
role in the nonlinear sorptive behavior exhibited by soils and sediments (Griffin and 
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Goldberg, 1979; Gustafsson et al., 1997; Accardi-Dey and Gschwend, 2002; Ran et al., 
2002).  Gustafsson et al. (1997) employed a high- vs. low-temperature thermal oxidation 
method for quantifying soot vs. total organic carbon contents of sediments and used the 
data to quantitatively explain the measured single-point PAH sorption coefficients for 
lacustrine sediments.  Accardi-Dey and Gschwend (2002) found that the pyrene sorption 
isotherms measured for two sediments thermally-treated at 375oC were significantly more 
nonlinear than those of their respective original sediments.  They attributed the observed 
nonlinear sorption phenomena to the soot or elemental carbon particles that survived 
moderate thermal oxidation.  Socha and Carpenter (1987) interpreted unexpectedly low 
PAH concentrations in pore water via potentially higher sorption capacities by soot 
particles likely present in lacustrine sediment.  A recent study by Ran et al. (2003) 
showed that even Borden aquifer material, a subsurface material having very low TOC, 
contains kerogen material that dominates the nonlinear equilibrium sorption of 
phenanthrene and chlorinated benzenes.  Several research groups (Gustafsson et al., 
1997; Karls and Christensen, 1998; Schmidt and Noack, 2000; Gelinas et al., 2001; 
Accardi-Dey and Gschwend, 2002) used laboratory prepared soot and charcoal materials 
as the sorbents for equilibrium sorption and desorption studies and their results showed 
that freshly-prepared BC exhibits organic carbon-normalized sorption capacities an order 
of magnitude higher than those reported in the literature for soils and sediments. 
 
2.4 Correlation between SOM Properties and Sorption Equilibria 
 
It has been recognized in the literature that SOM heterogeneity has strong effects 
on equilibrium sorption of HOCs.  The SOM heterogeneity has often been characterized 
 
 
 
39
by elemental ratios such as H/C and O/C atomic ratios and its effects have been 
delineated by apparent dependence of both sorption capacity and isotherm nonlinearity 
upon these ratios of the SOM.  Huang and Weber (1997a) showed that the isotherm 
nonlinearity and log KOC values calculated at Ce = 1 µg/L are generally correlated with 
the O/C atomic ratio for phenanthrene as follows:  
( ) ( ) 2OC elog 4.39 4.63 O C 1µg g 0.918K C= − = =R     (2.28) 
( ) 2R0.409 0.704 O C 0.911n = + =          (2.29) 
Similar empirical correlations between log KOC and O/C or H/C atomic ratio were also 
reported in other studies (Garbarini and Lion, 1986; Gauthier et al., 1986; Gauthier et al., 
1987; Grathwohl, 1990; Xing et al., 1994; Young and Weber, 1995; Kleineidam et al., 
1999; Karapanagioti et al., 2000).  The negative relationship between the organic 
carbon-normalized Freundlich capacity parameter KF-OC (=KOC at Ce = 1 g/L) and the 　
O/C ratio is consistent with the fact that the main driving force for sorption is 
hydrophobic interactions.  The lower the O/C atomic ratio of the SOM is, the more 
hydrophobic the SOM is, and the greater the driving force is for sorption (Huang and 
Weber, 1997a). 
The change of isotherm nonlinearity as a function of the O/C ratio has not been 
clearly explained in the literature.  According to its definition, a smaller value of n may 
correlate to a greater heterogeneity of sorption energies for SOM.  Alternatively, SOM 
having lower O/C ratio coupled with greater crosslinkage of the organic matrix may 
exhibit stronger site-limited adsorption at both external and internal surfaces with the b 
values of Equation 2.7 sufficiently high so that adsorbate molecules may fully occupy the 
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high energy sites in relatively low concentration range (Chiou et al., 2000). 
 
2.5 Summary 
 
This review indicates that different theories and models have been invoked in the 
literature for quantitative description and mechanistic interpretation of an array of 
sorption phenomena observed for soils and sediments and different classes of HOCs.  
The soundness and applicability of these theories and models are highly dependent upon 
the geochemical heterogeneity of SOM that has displayed dominant role in the sorption 
of HOCs by soils and sediments.  It appears that the understanding of the chemistry of 
SOM has never been sufficient due to the complexity of its nature.  This insufficient 
delineation of SOM chemistry has driven continued evolution and refinement of sorption 
theories and models.     
The evolving history of searching for theories and models for description of HOC 
sorption over the last twenty-five years has witnessed failure or bias of certain models 
that were invoked based on oversimplified assumptions.  The partition model, for 
example, is predicated on a hypothesis that SOM is a relatively homogeneous liquid-like 
phase.  Oversimplifying SOM as a uniform phase leads to a dramatic difference in the 
observed sorption phenomena and the model predicted sorption properties.  My review 
of articles published recently indicates that sorption is now believed to be controlled by 
both humic acids and black carbon.  While this recent development has overcome the 
shortcomings of the partition model, singling out black carbon and humic acids as the 
major reactive SOM components for sorption is possibly biased.  As summarized in this 
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Chapter, Song et al. (2002) found that kerogen or coaly material is a dominant organic 
matter found in soils and sediments collected from industrialized regions.  This material 
may be highly heterogeneous and may exhibit very complicated patterns of sorption rate 
and equilibrium phenomena.  Characterizing the role of this coaly material in the 
sorption of HOCs by soils and sediments will make significant contributions to the 
advancement of current sorption theories and models.    
Another deficiency in the literature is the observation of equilibrium sorption for 
mixed organic pollutants.  The unbalanced number of publications between single solute 
sorption and bisolute sorption studies is likely due to two issues.  The first issue relates 
to an early finding of no competition between coexisting HOC solutes for sorption.  The 
influential partition model may have further constrained exploratory effort in this 
direction.  The second issue relates to the lack of a mature laboratory procedure.  This 
leaves a wide-open door to explore competitive sorption of HOC mixtures on soils and 
sediments.  The follow-up questions may include the roles of different SOM fractions 
and effects of HOC properties on the competitive sorption.   
This dissertation addresses the questions and research needs identified above.  In 
this study, the equilibrium sorption and desorption were measured for a set of soils and 
sediments and the SOM fractions including HA, BC and kerogen isolated from the soils 
and sediments using four HOCs as the probe solutes.  The data set allowed me to 
quantify the role of HA, BC and kerogen in the sorption of HOCs by soils and sediments 
and to elucidate the underlying mechanisms by relating sorption phenomena to the 
content and physicochemical properties of each SOM fraction.  The differences in the 
observed sorption equilibrium behavior for the four HOCs having different 
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hydrophobilicy and sizes provided insight to the effects of solute properties on the 
mechanisms of HOC-SOM interactions.    
I have designed an innovative laboratory procedure for measuring competitive 
sorption equilibria for a bisolute system.  This procedure allowed me to collect an array 
of 10 x 10 sorption data for a binary system.  The data set was used to construct two 
sorption equilibrium planes that define the change of the solid phase concentration of 
individual solutes as a function of both solute concentrations in solution phase.  In 
addition, the competitive sorption was observed under different loading sequence; i.e., the 
second solute was loaded either simultaneously with the first solute or after the sorption 
of the first solute has attained equilibrium.  The information obtained from the study 
provides important information on sequestration of HOCs in soils.     
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CHAPTER 3 :  EXPERIMENTAL METHODOLGY 
 
This chapter details the experimental plan for testing the hypotheses and 
achieving the objectives outlined in Chapter 1 and lists experimental materials including 
chemicals, target HOCs, and soil/sediment samples used in the dissertation study.  
Experimental procedures I employed in this study including those for: 1) preparing 
different types of solutions, 2) conducting equilibrium sorption experiments for both 
single and bisolute systems, 3) measuring HOC concentrations in solution and solid 
phases, and 4) reducing sorption data to be collected for single and bisolute systems.   
 
3.1 Chemicals and Solutions 
 
3.1.1 Chemicals  
 
Two organic chemicals, phenanthrene (Phen), naphthalene (Naph), were used as the 
solute probes in this study.  These spectrophotometric grade chemicals were obtained 
from Aldrich Chemical Company, Inc., and were used as received.  At room temperature, 
phenanthrene and naphthalene are white powders.  The major physical and chemical 
properties of the four chemicals are summarized in Table 3.1.  
These chemicals were chosen in this study because they are among the 126 
priority pollutants listed by US EPA and are widely found in contaminated soils, 
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sediments and aquifer systems.  Phenanthrene and naphthalene are petroleum and coal 
industry-related polynuclear aromatic hydrocarbons (PAHs) and are among major 
constituents of coal tar.   
 
Table 3.1 Physical and chemical properties of the chemicals 
Properties Phen Naph 
Molecular Formula C14H10 C10H8
Molecular Weight 178.2 128.2 
Density (g/cm3) 1.063 0.997 
Molar Volume (cm3/mol) 199 130 
Henry’s Law Constant 
KH (Pa m3/mol) 
3.981 49.6 
Aqueous Solubility, Cs (mg/L) 1.29 31.7 
Melting Point (ºC) 99.5 80.12 
Boiling Point (ºC) 340 218 
Octanol/Water Partition Coefficient, log KOW 4.57 3.30 
Vapor Pressure (Pa at 25 ºC) (subcooled liquid) 0.134 41.88 
Data from Chemical Engineer's Handbook (Perry and Chilton, 1973) or ChemFinder.com 
 
 
Another reason that these chemicals were chosen is that they have been used 
frequently in prior sorption studies by other researchers (e.g., Efroymson and Alexander, 
1995; Huang et al., 1996b; Weber and Huang, 1996; Huang and Weber, 1997a; LeBoeuf 
and Weber, 1997; Weber and Young, 1997; Chiou et al., 1998; Huang and Weber, 1998; 
Weber et al., 1998; Weber et al., 1999; Ran et al., 2002).  The large sorption database on 
these chemicals allows me to better design an experimental plan and to better compare 
my results to others. 
Organic solvents such as methanol, acetonitrile, acetone, and hexane were used 
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for chemical analysis, soil sample extraction, and glassware cleaning.  These solvents in 
HPLC grades were obtained from VWR Scientific.  Chemicals used for preparing 
background aqueous solutions include CaCl2, NaN3, NaHCO3, HCl, and NaOH.  They 
were obtained from Aldrich Chemical Company in their highest grades available.  
Additional inorganic chemicals such as K2Cr2O7, H2SO4, and HF in their 
spectrophotometric grades were obtained from either VWR Scientific or Fisher Scientific 
Company.  All chemicals were used as received.   
 
3.1.2 Solutions 
 
All aqueous solutions were prepared using Milli-Q water.  Depending on the 
sorbents used in the experiments, two types of background solutions were prepared.  
Background solution A contained 0.005 M CaCl2 as the major mineral constituent, NaN3 
at a level of 100 mg/L as an inhibitor for microorganism growth and NaHCO3 at 5 mg/L.  
This solution was utilized in major sorption-desorption experiments involving natural 
soils, sediments and SOM fraction except for humic acids (HAs).  Background solution 
B has the same chemical compositions as Solution A, but its pH was adjusted to about 2.0 
using dilute HCl.  It was used only in the experiments involving HAs as the sorbents.  
The lower pH condition used was to avoid dissolution of HA solids during mixing. 
The primary stock solutions of phenanthrene and naphthalene were prepared 
respectively by dissolving appropriate amount of each chemical in HPLC-grade methanol, 
and a series of stock solutions at various concentrations were prepared by sequentially 
diluting the primary stock solutions with methanol.  All the stock solutions were stored 
at -4°C in glass bottles sealed with Teflon-lined tops.   
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The initial aqueous phase solutions of the solutes at desired concentrations were 
prepared by mixing a given volume of an appropriate stock solution with background 
aqueous solution in a volumetric flask.  Methanol concentrations in the initial aqueous 
solutions were set below 0.2% (volume) and thus should have negligible effect on 
sorption and desorption behavior for the systems examined (Wauchope and Koskinen, 
1983) 
All chemicals were weighed on a balance (Sartorium, Germany) with a capacity 
of 200 g and accuracy of ±0.1 mg.  Masses < 50 mg were weighed on a micro-balance 
(Sartorium, Germany) with a capacity of 2 g and accuracy of 1 µg.  Both balances were 
calibrated daily with standard weight kits and maintained annually on site by an 
electronic technician.   
Glassware used for preparation and transferring of solutions was cleaned routinely 
following a standard operation procedure established within our laboratory.  The 
volumetric flasks and pipets were rinsed following the standard wet chemical laboratory 
procedures.   
 
3.2 Sorbents 
 
This study used 28 different sorbents.  They included five soils and sediments as 
the original samples, of which four were collected from the suburban area of Guangzhou, 
China.  A modern black carbon sample was used for the purpose of comparing sorption 
properties to those of isolated BC samples from soils and sediments.  Since the Chinese 
samples were contaminated variously with organic pollutant mixtures, a standard Soxhlet 
extraction procedure was used to remove previously loaded organic pollutants, yielding 
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four extracted soil/sediment samples.  Different SOM fractions were isolated from the 
original Chelsea soil and from the four Soxhlet extracted Chinese samples.  A complete 
list of these sorbents is presented in Table 3.2, along with their major physicochemical 
properties and a list of HOC sorbates used in the sorption experiments involving them.  
The procedures for preparation and isolation of different types of samples are briefly 
described below.   
 
3.2.1 Soils and Sediments 
 
The five soil/sediment samples included Chelsea soil (CS), a marine sediment 
(MS), a sandy soil (SS), a pond sediment (PS), and a river sediment (RS).  Chelsea soil 
is a topsoil collected from Chelsea, Southeast of Michigan.  SS is a brownish/yellowish 
sandy soil from a rice-paddy field in Chencun, Guangzhou.  MS is a marine sediment 
collected at depth of 0-15 cm from the Wanshan Archipelagos of Zhuhai.  RS is a river 
sediment collected at depth of 0-15 cm from the Pearl River.  PS is a pond sediment 
collected at depth of 0-10 cm from Baishigang, Guangzhou.   
 
3.2.2 Base-Extracted Soil 
 
Only one base-extracted sample, BE (Base Extracted Chelsea soil), was employed 
in the sorption study.  This sample was prepared previously (Huang, 1997) by applying 
base extracting of CS sample sixteen times using 0.01 N-NaOH at a soil:solution weight 
ratio of about 20:250 under a nitrogen atmosphere.  After extraction, the solid sample 
was washed three times using 0.01 M NaCl solution to adjust the pH of the supernatant to 
the neutral range.  The sample was then freeze-dried and stored in air-tight glass bottles 
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for subsequent sorbent characterization and sorption studies. 
 
3.2.3 Soxhlet-Extracted Soils and Sediments 
 
Subsamples of the four soil and sediments (SS, MS, PS, and RS) were Soxhlet 
extracted for 72 h using a mixture of methanol, acetone, and benzene at a volumetric ratio 
of 2:3:5 to remove extractable organic matter such as hydrocarbons, lipids, and 
asphaltenes as well as organic pollutants bound to SOM matrices. After extraction, the 
solids were vacuum-dried at ~60 ºC to remove solvent molecules and stored in glass 
bottles for characterization and sorption experiments.   
 
3.2.4 Extraction and Isolation of Humic Acids, Kerogen, and Black Carbon 
 
Four SOM fractions were extracted and isolated from each sample following a 
procedure of Song et al. (2002).  The four SOM fractions included: 1) humic acids + 
kerogen + black carbon (HKB); 2) kerogen + black carbon (KB); 3) humic acid (HA); 
and 4) black carbon (BC).  The experimental procedures are described below.   
The first step of the procedure was to obtain the HKB fraction by removing the 
dominant mineral matrix of a sample using a hot HF + HCl acid mixture.  Briefly, a 
predetermined amount of a sample was treated at 60 ºC for 20h in 6M HCl acid. After 
digestion, the contents were centrifuged and the supernatants were decanted.  The 
residue was rinsed several times with 2M HCl.  The solid residue then was transferred to 
a Teflon beaker and demineralized at 60 ºC for 20h in concentrated HCl (6M) + HF (22M) 
mixture at a volumetric ratio of 1:2.  After digestion, the contents of the beaker were 
transferred to a plastic centrifuge bottle and centrifuged, and the supernatant was 
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decanted.  The residue was rinsed with Milli-Q water and then soaked at about 60ºC for 
10h in 6M HCl to remove such minerals as fluorite formed during the demineralization 
procedure.  The residue was rinsed again with Milli-Q water until the aqueous phase 
became neutral (pH~7).  After being dried at 60 ºC, the residual solid was Soxhlet 
extracted for 72h using a mixture of methanol, acetone, and benzene at a volumetric ratio 
of 2:3:5 to remove extractable organic matter such as hydrocarbons, lipids, and 
asphaltenes as well as organic pollutants bound tightly to SOM matrices.  The Soxhlet 
extraction was performed after, rather than before, the demineralization because the solid 
to be extracted and hence the volume of the solvent mixture used was reduced 
dramatically.  After extraction, the solid (HKB) was vacuum-dried at 60 ºC to remove 
solvent molecules (Song et al., 2002).   
The second step was for fractionating the HKB to HA and KB following a 
standard base extraction procedure.  A predetermined amount of the HKB solid was 
placed in a centrifuge bottle containing N2 gas-purged NaOH solution (0.1 M).  After 
extracted for 12 h, the content of the bottle was centrifuged for 30 min, and the 
supernatant was transferred to another bottle.  This extraction procedure was repeated 5 
times until the supernatant became colorless.  The base-extracted residue containing KB 
was freeze-dried and stored.  The extracts of different batches were combined and 
acidified to pH ~ 1 using a concentrated HCl acid (6 M), and the HA was allowed to 
precipitate.  After centrifugation, the HA was freeze-dried and stored. The KB fraction 
should be the major component of the operationally defined humin fraction of SOM.  
The base extraction was performed after, rather than before, the demineralization 
procedure to completely remove both HA that may not have been fully base-extractable 
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when bound to mineral surfaces and products of acid hydrolysis of such organic matter as 
amorphous kerogen and biopolymers (Song et al., 2002) 
 
Table 3.2 Sorbent list and major characteristics 
Sample Location Derived Subsamples 
SSA 
(m2/g)
TOC 
(wt%) 
Single 
Solute 
System 
Bisolute 
System 
Original Soil (CS) 3.92 5.45 P, N  P+N 
Base-Extracted Soil (CSBE) N.D. 2.44 P, N  P+N 
Humic Acid (CSHA) N.D. 48.6 P, N  P+N 
Chelsea 
Soil Chelsea, MI 
Kerogen+Black Carbon (CSKB) N.D. 48.9 P, N  P+N 
Original Sediment (MSO) 19.3 0.87 P, N P+N 
Soxhlet-Extracted Sediment (MSE) 20.8 0.87 P, N P+N 
Humic Acid+Kerogen+Black Carbon(MSHKB) 23.2 17.1 P, N P+N 
Kerogen+Black Carbon (MSKB) 15.8 17.5 P, N P+N 
Marine 
Sediment 
Wanshan 
Archipelagos 
of Zhuhai, 
P.R. China 
Black Carbon (MSB) 7.24 29.7 P, N P+N 
Original Soil (SSO) 2.74 1.55 P, N P+N 
Soxhlet-Extracted Soil (SSE) 11.2 1.55 P, N P+N 
Humic Acid+Kerogen+Black Carbon (SSHKB) 5.49 52.3 P, N P+N 
Kerogen+Black Carbon (SSKB) 5.65 48.6 P, N P+N 
Black Carbon (SSB) 4.56 42.6 P, N P+N 
Sandy 
Soil 
Chencun, 
Guangzhou, 
Guangdong, 
P.R.China 
Humic Acid (SSHA) 2.28 43.3 P, N P+N 
Original Sediment (PSO) 15.7 2.10 P, N P+N 
Soxhlet-Extracted Sediment (PSE) 18.0 2.10 P, N P+N 
Humic Acid+Kerogen+Black Carbon (PSHKB) 4.36 54.4 P, N P+N 
Kerogen+Black Carbon (PSKB) 15.3 57.5 P, N P+N 
Black Carbon (PSB) 6.46 57.4 P, N P+N 
Pond 
Sediment 
Baishigang, 
Guangdong, 
P.R.China 
Humic Acid (PSHA) 3.62 39.7 P, N P+N 
Original Sediment (RSO) 18.2 3.17 P, N P+N 
Soxhlet-Extracted Sediment (RSE) 24.3 3.17 P, N P+N 
Humic Acid+Kerogen+Black Carbon (RSHKB) 4.15 49.1 P, N P+N 
Kerogen+Black Carbon (RSKB) 12.4 50.0 P, N P+N 
Black Carbon (RSB) 9.15 61.0 P, N P+N 
River 
Sedmint 
Pearl River 
Guangdong, 
P.R.China 
Humic Acid (RSHA) 5.60 38.4 P, N P+N 
Modern 
Black 
Carbon 
Guangzhou, 
P.R.China Original Modern Black Carbon (MBC) 86.7 67.8 P, N P+N 
Note:  P, N refers to phenanthrene, naphthalene, respectively. N.D. refers to Not Determined 
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The last step was for isolating BC using the KB fraction as the starting material 
and a dichromate-sulfuric acid solution (K2Cr2O7 (0.1 M) + H2SO4 (~2 M)) to oxidize 
kerogen, while BC remains fairly unchanged.  Several different oxidants such as 
persulfate (Karls and Christensen, 1998), nitric acid (Middelburg et al., 1999; Schmidt et 
al., 2001), and dichromate (Wolbach and Anders, 1989; Lim and Cachier, 1996; Masiello 
et al., 2002) were used in prior studies for chemically isolating BC from sediments.  Our 
group chose dichromate because it had been shown to be most effective for oxidizing 
kerogen with minimal effect on BC including charred materials (Wolbach and Anders, 
1989).  In brief, a predetermined amount of the KB solid was placed in a bottle 
containing the aqueous dichromate solution, and disaggregated in an ultrasonic bath for 
10 min for better solid-solution contacts.  The bottle was then placed in a water bath at 
55 ± 1 ºC for 60 h.  During oxidation, the solution phase needed to be replaced at least 
twice with the fresh dichromate solution to maintain relatively constant pH and 
overdosed oxidant, and Milli-Q water needed to be added every 2 h to maintain a 
constant volume of solution phase.  At the end of the reaction, the bottle was placed in a 
cold-water bath for ~5 min to lower the temperature of the solution and then centrifuged 
for 30 min.  After the supernatant was decanted, the residual was rinsed ~5 times with 
Milli Q water and oven dried at 60 ºC for 48 h (Song et al., 2002). 
A modern BC sample was used for comparison of the BC particles isolated from 
soil and sediment samples.  It is a char-like material produced from arbor branches in a 
cooking kiln with limited air entry under uncontrolled temperature condition. 
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Table 3.3 Elemental (C, H, O, N) compositions (wt %) and ash contents (wt %) of 
the isolated SOM fractions 
Sample C H O N atomic O/C 
atomic 
H/C ash 
Original 
SS 1.55 N/A N/A N/A N/A N/A N/A 
RS 3.17 N/A N/A N/A N/A N/A N/A 
PS 2.10 N/A N/A N/A N/A N/A N/A 
MS 0.87 N/A N/A N/A N/A N/A N/A 
Soxhlet-Extracted 
SS 1.55 N/A N/A N/A N/A N/A N/A 
RS 3.17 N/A N/A N/A N/A N/A N/A 
PS 2.10 N/A N/A N/A N/A N/A N/A 
MS 0.87 N/A N/A N/A N/A N/A N/A 
HKB 
SS 52.3 4.51 17.0 2.36 0.24 1.03 20.57 
RS 49.1 3.39 16.2 1.26 0.25 0.83 28.5 
PS 54.4 3.40 13.0 1.90 0.18 0.75 23.6 
MS 17.1 2.26 8.81 0.81 0.39 1.59 67.5 
KB 
SS 48.6 3.66 12.7 1.26 0.20 0.90 32.1 
RS 50.0 3.89 11.1 1.27 0.17 0.93 32.1 
PS 57.5 3.16 13.4 1.66 0.17 0.66 21.1 
MS 17.5 2.27 8.54 0.82 0.37 1.55 69.2 
Chelsea 44.2 4.32 25.5 0.99 0.43 1.17 N.D. 
HA 
SS 43.3 4.03 23.4 2.74 0.41 1.12 25.4 
RS 38.4 4.30 19.5 2.03 0.38 1.34 N/A 
PS 39.7 3.61 22.2 2.47 0.42 1.09 27.5 
Chelsea 48.57 3.78 37.55 3.90 0.56 0.93 9.38 
BC 
SS 42.6 2.58 8.40 0.77 0.15 0.73 43.0 
RS 61.0 3.18 9.01 1.02 0.11 0.63 22.1 
PS 57.4 2.44 10.1 1.15 0.13 0.51 27.0 
MS 29.7 1.77 8.47 0.68 0.24 0.72 56.2 
Modern 67.8 12.9 2.09 1.56 0.14 0.37 15.7 
N.D. refers to Not Determined;  N/A refers to Not Available 
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Table 3.4 TOC (wt%) and the relative content (TOC%) of the SOM fractions 
Sample TOC HKB HA K BC K+B 
Sandy Soil (SS) 1.55 74.8 15.0 24.0 35.9 59.7 
River Sediment (RS) 3.17 85.6 5.05 47.6 33.0 80.6 
Pond Sediment (PS) 2.10 77.8 6.02 30.8 41.0 71.8 
Marine Sediment (MS) 0.87 58.0 0.29 39.4 18.3 57.8 
Chelsea Soil 5.45 N.D. N.D. N.D. N.D. N.D. 
Modern Black Carbon 67.8 N/A N/A N/A N/A N/A 
N.D. refers to Not Determined;  N/A refers to Not Available 
 
3.3 Sorbent Characterization  
 
The properties of the solids used in this study were characterized using various 
physical and chemical methods. 
 
3.3.1 TOC and Elemental Analyses 
 
A high temperature combustion-based Heraeus elemental analyzer 
(CHN-O-RAPID) was utilized for determinations of the total organic carbon (TOC) 
contents for the original samples and the quantitatively-isolated SOM fractions and for 
measurements of the C, H, N and O contents of each isolated SOM fraction and the 
modern black carbon sample.  The original soil/sediment samples were washed using 
0.5M HCl solution within the ultrasonic batch to eliminate carbonate minerals before 
TOC analysis.  The ash contents of SOM fractions were determined independently by 
complete oxidation of each SOM fraction (0.1 g) under 950 ˚C in a furnace.  The major 
measuring results are listed in Table 3.3. 
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Table 3.4 lists the TOC percentage (wt %) of five soil and sediment samples and 
one modern black carbon sample and their relative contents (TOC %) of the SOM 
fractions.  The relative contents of HKB, KB, HA, and BC were calculated on an 
organic carbon content basis from the following: (i) weight of a given SOM fraction 
isolated (MSOMi); (ii) TOC content of the SOM fraction (TOCSOMi); (iii) weight of the 
original sample from which the SOM fraction was isolated (Mo); and (iv) TOC content of 
the original sample (TOCo).  The following equation was used for such calculation 
SOM SOM
o o
TOC M
SOM ( %) 100
TOC M
i i
i wt
×= × ×         (3.1) 
The average value of SOMi % was calculated from the determinations of six replicates, 
and the relative standard deviations were less than 6%.  
The experimental results are summarized below: 
1) 58.0-85.6 % of the TOC are retained as HKB for the four samples tested.  The 
non-equality of isolated HKB fOC and original soil/sediment sample TOC may result from 
two possible sources: i) a slight but unpredictable amount of SOM may be lost when 
decanting supernatants and transferring residue solids from container to container; ii) a 
substantial fraction of SOM substances, such as, hydrocarbons, lipid, asphaltenes, and 
some firm-bonded organic contaminants, is either dissolved in water or extracted by 
organic solvents and such removed.  Similar results were also seen in other works 
(Zhang et al., 2002). 
2) The particulate kerogen and BC constitute 57.8-80.6 % of the TOC of tested 
samples, which are far higher than humic acid content, 0.29-15.0 % of TOC, which is 
considered as the major part of SOM in classic soil chemistry textbook.  
3) BC is 18.3 % of TOC for MS sample and 33.0-41.0 % of the TOC of the other 
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three samples, which is consistent with those reported in literature (Cambardella and 
Elliot, 1992; Lim and Cachier, 1996; Gustafsson and Gschwend, 1998; Middelburg et al., 
1999; Schmidt et al., 1999).  The high content of BC material is consistent with the 
natural environment of sampling sites which locate in the southeast of China, a rapidly 
industrialized region with extensive use of fossil fuels.  
 
3.3.2 Particle Sizes and Specific Surface Areas 
 
Particle sizes were measured using a SALD-3001 laser scattering particle analyzer 
(Shimazu Corporation, Kyoto, Japan) having measurement range from 0.1 to 2000 m, 　
and having precision of variation below 5% when measuring particles between 2 m 　
and 125 m.  Before measurement, SOM samples were ultrasonically treated and 　
dispersed in a solution containing 20 wt% of Na3PO4.  Specific surface areas (SSA) 
were calculated from the N2 gas adsorption isotherm data collected for each sample at 
liquid nitrogen temperature (Micromeritics ASAP 2000).  
The SSA and sizes of the isolated KHB, KB, and BC fractions were summarized 
in Tables 3.4 and Table A-1, respectively.  Since HAs were aggregates formed during the 
isolation process, their sizes were not listed.  In general, the sizes of the isolated SOM 
fractions range from about 1 to 100-150 m with a medium of 10~37 m.  The results 　 　
were compared favorably to the particle sizes measured under the microscope although 
the isolated SOM fractions contain inorganic mineral particles due to their relatively high 
ash contents.  The SOM fractions isolated from the marine sediment have the smallest 
sizes whereas those isolated from the sandy soil have the largest sizes.  This difference 
may result from particle sorting during transport and settling of the particulate materials 
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in surface water systems. Generally speaking, the longer is the transport distance, the 
smaller is the particle size. 
The measured SSAs for the isolated BC fractions ranged from 4.5 to 9.2 m2/g, 
significantly lower than that of the modern BC sample (86.86 m2/g).  It is likely because 
soil/sediment-associated BC may have undergone various natural degradation and 
coagulation processes, causing pore blocking and particle aggregation.  The loss of fine 
BC particles due to unsettleability and partial oxidation during isolation may also have 
reduced the SSA of the overall BC even further.   
Other methods used for sorbent characterizing, such as X-ray Diffraction (XRD), 
organic petrographic examination, Scanning Electron Microscopy (SEM), and 
13C-Nuclear Magnetic Resonance (NMR) spectroscopy have been carried out by Dr. 
Jianzhong Song and published on ES&T 36(18), 2002.  The experiment details and 
major results are presented in Appendix A 
 
3.4 Equilibrium Sorption Experiments for Single Solute System 
 
Sorption equilibrium experiments were conducted at 22±0.5 ºC using 
flame-sealed glass ampules (20 mL, Kimble) as completely-mixed batch reactor (CMBR) 
systems.  A preliminary test was run to determine an appropriate solid-to-solution ratio 
for each sorbent-solute system for achieving 40-60% reduction of the initial aqueous 
phase concentrations.  The solutions were prepared using the method described in the 
above section (3.1.2), and the initial aqueous-phase solute concentrations were selected to 
yield a set of isotherm data for each sorbent that was distributed evenly on a log-log scale 
plot and spanned approximately two orders of magnitude in residual aqueous-phase 
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solute concentration.  In the final tests, glass ampules containing a predetermined 
amount of sorbent and appropriate initial aqueous sorbate solution and with headspace of 
~0.8 ml were flame-sealed in a natural gas flame.  After checking for leakage and 
shaking by hand for mixing the contents, the sealed ampules were placed on a shaker set 
at a speed of 125 rpm for mixing.  After have been shaken for 21 days, the ampules 
were set upright for 2 days to allow suspended sorbents to settle.  They were then 
flame-opened, and an aliquot (3ml) of supernatant was immediately withdrawn from each 
ampule and transferred to a pre-prepared 5-mL vial with 2 ml of methanol.  The 
amounts of methanol and supernatant were weighed on a balance and a dilution factor 
was calculated based on mass ratio and the density data of the mixture (Perry and Chilton, 
1973).  The supernatant–methanol mixtures were used for analysis of solute 
concentrations in the equilibrated solution phase with a method described below.  
Control experiments were conducted using reactors containing no sorbent for assessing 
loss of solutes to reactor components during sorption tests.  Results showed that average 
system losses were consistently less than four percent of initial concentrations for the two 
HOCs, hence, no correction was made during reduction of sorption data.   
Desorption experiments were conducted immediately after finishing of the 
sorption experiment steps following a procedure detailed in ref. Huang (1997).  In brief, 
after 2 days of allowing suspended sorbent to settle down, the ampules were 
flame-opened and the weights of opened ampules were recorded, then, as described in 
above paragraph, about 3 ml of supernatant was withdrawn for the measurement of the 
equilibrium aqueous phase solute concentrations, the left solution was carefully removed 
by siphon from the ampule as much as possible, while being sure that no solid material 
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was removed.  After the ampules with residue solution and sorbent were weighed, fresh 
buffer solution with no phenanthrene or naphthalene was added into ampules, and then 
the ampules were weighed again. After finishing all of these procedures, ampules were 
flame-sealed again and put on shaker for mixing for another 21days.   
 
3.5 Bi-Solute Competitive Sorption Experiments 
 
To test the competitive sorption of phenanthrene and naphthalene mixture by soil, 
sediment, and isolated SOM fractions, two experiment procedures were carefully 
designed basing on the objectives and the limitation of tested sorbents.  
 
3.5.1 Phenanthrene and Naphthalene Competitive Sorption by Soil/Sediment 
Samples and Isolated SOM Fractions 
 
Because of the insufficient amount of isolated SOM fraction samples, only one 
solute loading method, in which phenanthrene and naphthalene solutes were introduced 
into sorption batch system simultaneously, was tested in this experiment.  The reason for 
using phenanthrene instead of naphthalene as a primary solute of interest was because the 
results of preliminary experiment showed that the properties of competitive sorption 
isotherms of phenanthrene changed much more than those of naphthalene.  Selecting a 
phenanthrene other than naphthalene as a primary solute was helpful in distinguishing the 
attributes of sorption sites of different isolated SOM fractions.   
Similar to the experimental procedures of single solute sorption/desorption, 
competitive sorption equilibrium experiments were conducted at 22±0.5 ºC using 
flame-sealed glass ampules (10 or 20 mL, Kimble) as completely-mixed batch reactor 
(CMBR) systems and the sealed ampules were placed on a shaker with a speed of 125 
 
 
 
59
rpm to mix for 4 weeks.  The general sorption experiment procedures that were 
extensively described in the single solute sorption experiment section (3.4.1) were 
carefully followed in this section.  Seven different phenanthrene initial concentrations, 
ranging from 4 µg/L to 1200 µg/L, were employed and two levels of initial naphthalene 
concentrations, 200 µg/L and 8000 µg/L, were used as competitor in this study.  Only 
two concentration levels of naphthalene were used because the amount of sorbent 
samples obtained from the same batch were insufficient for additional experiments.   
 
3.5.2 Newly Designed Experimental Procedures for Measuring Competitive 
Sorption for Bisolute Systems 
 
As pointed out in Chapter 1 and 2, one of the objectives of this study was to 
systematically examine competitive effects among different HOCs on sorption.  A 
challenge for such an investigation was the lack of a mature experimental procedures for 
laboratory measurements.  The commonly used technique requires that all batch reactors 
be initiated at a fixed initial concentration of the background solute with varying 
concentration levels of the primary solute.  The pitfall of this technique is that the 
information obtained may be biased because the observed competition may change as a 
function of the background solute concentration.   
To overcome the shortcoming of the conventional method, an alternative 
procedure was developed using multiple concentration levels for both primary and 
competing solutes.  Following this procedure, I designed an experimental matrix 
composed of ten arrays of batch reactors for each bisolute system.  Each array consisted 
of ten reactors initiated at a given concentration of the background solute but ten different 
concentrations of the primary solute.  The 100 data points obtained allowed to 
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construction of two equilibrium sorption domains or planes, each composed of ten 
isotherms of the primary solute corresponding to ten different concentration levels of the 
background solute.  Both planes combined provided a detailed overview of solute-solute 
competition for the given bisolute system.   
 
3.5.3 Experimental Procedures for Evaluating the Loading Sequence on 
Competitive Sorption for Bisolute Systems 
 
When following the conventional laboratory technique, both the background and 
primary solutes are introduced simultaneously into the reactor systems.  The sorption 
process of both solutes should proceed at the same starting time.  This situation may not 
be necessarily true in contaminated sites where various organic pollutants have been 
introduced historically over certain periods of time.  The organic solute that has entered 
microporous structures of soils and sediments may have become sequestered or even 
isolated within soil matrices.  As a result, this preloaded solute may not be displaced 
later by a second sorbing organic solute, exhibiting different competitive sorption 
behavior due to different loading sequence.   
To investigate the competitive effects of loading sequence, the new experimental 
procedure mentioned above was further developed to three different methods for either 
loading the second solute after the sorption of the first solute had attained equilibrium or 
loading both solutes simultaneously to a solid.  Method I, II and III were designed to: i) 
load phenanthrene to the sorbent after naphthalene sorption attained equilibrium; ii) load 
both phenanthrene and naphthalene to the sorbent; and iii) load naphthalene to the 
sorbent after phenanthrene sorption attained equilibrium.  The experimental setup and 
conditions of the three methods were generally similar to those described above for single 
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solute sorption equilibrium experiments.  In the competitive sorption test, flame sealed 
glass ampules (10 mL, Kimble) were used as completely-mixed batch reactor (CMBR) 
systems and the experiments were conducted at 22±0.5 ºC.  The sorbent dosages were 
set to achieve 40-60% reduction of the initial aqueous phase concentrations of 
naphthalene, the less sorbing solute.  A complete experimental matrix consisted of one 
hundred CMBRs that were divided into ten subsets; each subset of CMBRs had a fixed 
initial concentration of the background solute and ten different initial concentrations of 
the primary solute.  This provided ten replicate CMBRs for both phenanthrene and 
naphthalene, but none of the CMBRs had identical initial concentrations for both solutes.   
The detailed procedures are summarized below. 
 
Method I   
This procedure was developed to load naphthalene to the sorbent and then 
phenanthrene after naphthalene sorption attained equilibrium.  In brief, a predetermined 
amount of the sorbent was introduced to each precleaned, numbered and weighed ampule.  
Aqueous naphthalene solutions at the initial concentrations of about 40, 80, 150, 300, 600, 
1300, 2500, 5000, 10000 and 20000 µg/L were transferred to the ten subsets of the glass 
ampules, respectively.  After being weighed on a balance, the ampules were sealed in a 
propane flame.  The contents of each ampule were mixed horizontally at 125 rpm for 3 
weeks in a shaker.  After equilibration, the ampules were set upright for two days to 
allow suspensions to settle.  They then were opened in the propane flame and an aliquot 
supernatant (~2 mL) was withdrawn from each ampule and mixed with a predetermined 
amount of methanol in a 5-mL vial capped with Teflon lined tops; methanol was used for 
decreasing potential solute loss due to volatilization and sorption to compartments of the 
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container.  The supernatant mixed with methanol in each bottle was determined by 
weight difference and a dilution factor was calculated for each mixture.  The density of 
the mixture was obtained by a method delineated later.  Each subset of the opened 
ampules was initiated with the same initial naphthalene concentration was immediately 
spiked with concentrated phenanthrene stock solutions of methanol matrix to achieve ten 
different initial phenanthrene concentrations.  The amounts of phenanthrene spiked were 
predetermined to have aqueous phase equilibrium concentrations of the solute ranging 
from a few to ~800 µg/L.  The ampules were flame sealed, placed in a shaker, and 
mixed for 3 weeks.  After being set upright for two days, the ampules were flame 
opened again, and an aliquot was withdrawn from each ampule and mixed with methanol 
in a 5-mL bottle.  The mixtures were analyzed for aqueous concentrations of both 
phenanthrene and naphthalene.  The residues of the supernatants were siphoned out and 
the ampules containing sorbent and about ~2 mL of residual solution were refilled with 
solute-free background solution.  The ampules were then resealed, placed in a shaker, 
and mixed for 4 weeks to allow both solutes to desorb.  In each of these steps, ampules 
were weighed for determining the mass of the residue solution and refilled background 
solution.  After 21 days of equilibration, the above sampling procedure was repeated for 
quantifying the aqueous phase concentrations of both solutes under the desorption 
conditions.    
 
Method II   
This procedure was developed to load both solutes simultaneously to the sorbent.  
Similar to Method I, each ampule contained predetermined amount of the sorbent was 
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filled with 12 mL of background solution having a known initial concentration of 
naphthalene, and immediately spiked with a predetermined volume of methanol stock 
solution of phenanthrene using microsyringes.  The ampules were then flame sealed and 
placed in a shaker for mixing.  After equilibrated for 4 weeks, the ampules were set 
upright for three days, and then flame opened for sampling and analysis of both 
naphthalene and phenanthrene in the supernatants.  A desorption experiment was not 
performed in this method.   
 
Method III   
This method was exactly the same as Method I except that naphthalene was 
loaded after phenanthrene sorption attained equilibrium.    
 
3.6 Analytical Methods 
 
The solute concentrations in the initial aqueous solutions (C0) and the final 
residual aqueous supernatants (Ce) after completion of sorption-desorption experiment 
were analyzed using a reverse-phase high performance liquid chromatography (HPLC) 
(Agilent Model 1100).  The column used was ODS of 5 µm size with dimensions of 
2.1×250 mm.  The instrument has a diode array UV detector (G1315A) and a 
fluorescence detector (G1316A) and is equipped with an auto-sampler unit (G1321A).  
The HPLC was set up differently for analyzing different organic solutes.  Table 3.5 lists 
the details of HPLC instrument setup for the four HOC solutes. Each sample or standard 
was analyzed three times.  The injection volume was set within a range of 5-20 µL.  
Standard deviations of the multi-injections were typically less than 1~2 percent.  
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The aqueous phase concentration (C) of the solute was calculated from the solute 
concentration (CHPLC) in the methanol-water mixtures and the dilution factor (λ).   
HPLCC Cλ= ×                (3.2) 
C presents either initial aqueous-phase solute concentration (C0) or equilibrium 
concentration of the solution phase (Ce).  The solution phase concentrations have units 
of  µg/L for all four HOC probes.   
The methanol dilution factor in Equation 3.2 is define as 
( )MeOH C
C
V
V
λ +=                (3.3) 
( )MeOH CV +  is computed from the measured mass of the methanol-water mixture based the 
following equation regressed from the density data (d) of the mixture provided in 
Chemical Engineer’s Handbook (Perry and Chilton, 1973)  
5 2 7
9 4 11 5
0.99822 0.0018513 2.455 10 6.5133 10
5.7498 10 1.9061 10
d 3β β β
β β
− −
− −
= − × + × × − × ×
+ × × − ×    (3.4) 
where β is the wt% of methanol of the mixture. 
The solid-phase sorbate concentrations were computed based on a mass balance 
of the solute between the two phases; i.e., 
( )0 e
e
C C V
q
M
−=                (3.5) 
where Ce and qe were defined previously. C0, V, and M are the initial solution phase 
concentration (µg/L), volume (L) of the initial solution, and the mass (g) of sorbent 
introduced to each CMBR, respectively. 
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Table 3.5 HPLC methods for quantifying aqueous phase concentrations of phenanthrene and naphthalene  
 Phenanthrene   Naphthalene Phen +Naph
Milli-Q    12% 18% 35%
Solvent 
Acetonitrile    88% 82% 65%
Column temperature 40 ºC 40 ºC 40 ºC 
Flow rate 0.34 ml/min 0.34 ml/min 0.30 ml/min 
Injection volume 7 L　     10 L　 5 L　  
External standards 
(Number of standards) 
0.5~1000 µg/L (11) 6~20000 µg/L (11) Phen: 0.5~1000 µg/L (11) 
Naph: 6~20000 µg/L (11) 
Wavelength 250 nm 250 nm Phen: 250 nm; Naph: 205 nm  UV 
Detector Peak time 3.4 min 3.1 min Phen: 4.5 min; Naph: 3.2 min 
Excitation 250 nm 250 nm Phen: 250 nm; Naph: 250 nm 
Wavelength 
Emission 364 nm 332 nm Phen: 364nm; Naph: 332nm 
FLD 
Detector 
Peak time 3.4 min 3.1 min Phen: 4.6 min; Naph: 3.3 min 
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3.7 Data Reduction  
 
3.7.1 Single-Solute Sorption and Desorption Equilibria 
 
The most commonly used Freundlich model (Equation 2.7) was used to quantify 
equilibrium sorption of phenanthrene and naphthalene by the sorbents.  A linear 
regression procedure using a statistics software (Systat Version 10.0, SYSTAT Inc.) was 
utilized to fit each Ce-qe sorption data set collected for a given sorbent-sorbate system to 
the following linearized Freundlich equation.   
e Flog log logq K n= + eC             (3.6) 
The fitting procedure could be applied if qe and Ce are independent variables; i.e., 
they are determined independently.  As detailed above, qe was determined from a mass 
balance equation involving Ce.  This condition could be satisfied when C0 = ~2 Ce.  
The resulting isotherm data include isotherm parameters logKF and n, standard deviations, 
number of observations, mean corrected R2 values.   
Desorption data were reduced based on a mass balance approach with an assumption 
that the solute mass was distributed only between the solid and the aqueous phase.  The 
solute concentration in the re-equilibrated solution (Ced) was quantified in a way similar 
to that for Ces in the sorption process.  The solute concentration in the solid phase (qed) 
was calculated from the following equation: 
0 0 1 2
s d
d e e
e
Sorbent
C V C V C Vq
M
− −=             (3.7) 
where C0 and V0 are the solute concentration (µg/L) and the volume (L) of the initial 
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solution, respectively; Ces and Ced are the solution-phase solute concentrations (µg/L) in 
the sorption and desorption phase, respectively; and V1 and V2 are the volumes (L) of the 
supernatant being removed from the reactor and the total solution in each reactor after the 
contaminant-free solution was added during desorption experimental phase; and MSorbent 
is the mass (g) of sorbent.  Desorption data were also fit with the linearized Freundlich 
model (Equation 3.6).  
 
3.7.2 Bi-solute Equilibrium Sorption 
 
The competitive sorption data measured for the bisolute systems were fit with the 
IAST equations (Equations 2.24 - 2.27) delineated in Chapter 2.  In the case of 
phenanthrene and naphthalene as the sorbates, Equations 2.24 - 2.27 were rewritten as the 
following four equations: 
Naph
1
B,M B,M B,M
e,Naph Phen e,Naph Naph e,PhenB,M
e,Naph B,M B,M S,M
e,Naph e,Phen Phen F,Naph
nq n q n q
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟      (3.8) 
Phen
1
B,M B,MB,M
Phen e,Naph Naph e,Phene,PhenB,M
e,Phen B,M B,M S,M
e,Naph e,Phen Naph F,Phen
nn q n qq
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟        (3.9) 
Naph
1
B,M B,M B,M
e,Naph Phen e,Naph Naph e,PhenB,M B,MReactor
e,Naph 0,Naph B,M B,M S,M
Sorbent e,Naph e,Phen Phen F,Naph
nq n q n qVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜ ⎟⎢ ⎥⎜ ⎟+ ⎝ ⎠⎢ ⎥⎣ ⎦
  (3.10) 
Phen
1
B,M B,MB,M
Phen e,Naph Naph e,Phene,PhenB,M B,MReactor
e,Phen 0,Phen B,M B,M S,M
Sorbent e,Naph e,Phen Naph F,Phen
nn q n qqVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜⎢ ⎥⎜+ ⎝ ⎠⎢ ⎥⎣ ⎦
⎟⎟   (3.11) 
where the subscripts Phen and Naph are indicative of phenanthrene, naphthalene.  Other 
variables and their units are defined in Chapter 2.   
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To fit the experimental data to the IAST model (Equation 3.8-3.11), the values of 
C0, VReactor, and MSorbent and the isotherm parameters, nPhen, nNaph, KF,Phen, and KF,Naph 
measured independently for single solute systems were input as the knowns.  Using the 
add-in “Solver” function of Excel 2000 (Microsoft Corp.), the unique values of  
and  were found to satisfy Equations 3.10 and 3.11.  The sought unique values of 
 and  were then substituted to Equations 3.8 and 3.9 for computing the 
values of  and .  This procedure was repeated for each of the reactor 
systems, and the results constituted a set of the IAST predicted values of , , 
, and  for the entire set of binary solute sorption system.   
B,M
e,Naphq
B,M
e,Phenq
B,M
e,Naphq
B,M
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CHAPTER 4 :  THE ROLES OF BLACK CARBON AND KEROGEN IN THE 
SORPTION BY SOILS AND SEDIMENTS 
 
This chapter examines the differential roles of humic acids, kerogen and black 
carbon in the equilibrium sorption of organic pollutants by soils and sediments.  In this 
study, I utilized phenanthrene and naphthalene as the sorbates and four soil/sediment 
samples and four SOM fractions isolated from each samples as the sorbents.  These 
SOM fractions include (i) the humic acid and kerogen and black carbon (HKB), (ii) 
kerogen and black carbon (KB), (iii) humic acid alone (HA), and (iv) black carbon (BC).  
The rationale and the objectives of this study and the hypotheses to be tested are 
delineated in the first section, which is followed by a summary of the experimental 
matrix.  The experimental results are presented graphically and listed in two tables.  
The major features of the results are summarized and their implications for sorption 
mechanisms and differential roles are discussed in later sections.  The major conclusions 
of this study are that the major SOM fractions, humic acid, kerogen and black carbon, all 
exhibit nonlinear equilibrium sorption for both phenanthrene and naphthalene, that 
kerogen and black carbon play the dominant roles in the nonlinear sorption by the bulk 
soils and sediments, and that humic acids are less important due to their low contents in 
the tested samples as well as their relative low HOC sorption capacities.  
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4.1 Rationale, Hypotheses, and Objectives  
 
As summarized in Chapter 2, a concept of “soft carbon” vs. “hard carbon” of soil 
organic matter (SOM) or the dual SOM domain model was invoked in the literature for 
explaining a spectrum of non-ideal sorption phenomena such as isotherm nonlinearity, 
sorption-desorption hysteresis, and slow rates of sorption and desorption.  However, the 
nature of the “hard carbon” SOM remains ambiguous.  Several research groups 
attempted to delineate what the hard carbon SOM domains are and to characterize their 
roles in the sorption for selected SOM fraction(s).  The general consensus arrived at in 
the literature is that the “hard carbon” SOM domain may include three SOM 
fractions-glassy humic acids, kerogen, and black carbon-and that these SOM fractions are 
possibly responsible for the non-ideal sorption phenomena widely observed for soils and 
sediments (Weber et al., 1992; Weber and Huang, 1996; Xing et al., 1996; Ran et al., 
2002).  To my knowledge, no single prior study has, however, provided a complete 
quantitative delineation of the contents of different SOM fractions and their contributions 
to the overall sorption equilibrium exhibited by bulk soils and sediments.  Over the past 
few years, black carbon or soot in soils and sediments has drawn special attention from 
several research groups (Gustafsson et al., 1997; Middelburg et al., 1999; Weber et al., 
1999; Schmidt and Noack, 2000; Gelinas et al., 2001; Accardi-Dey and Gschwend, 2002; 
Jonker and Koelmans, 2002; Ran et al., 2002; Song et al., 2002).  Methods for 
quantifying the content of black carbon in soils and sediments and investigations of its 
role in equilibrium sorption and bioavailability of organic pollutants became foci in the 
literature (Accardi-Dey and Gschwend, 2002; Jonker and Koelmans, 2002; Ran et al., 
2002).  While significant progress has been made toward quantification of black carbon 
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and a mechanistic understanding of its sorptive reactivity, little attention has been paid to 
the quantification of kerogen and characterization of its sorptive roles.  A systematic 
study is apparently needed for elucidating the role of each SOM fraction, including 
kerogen, in order to provide an unbiased mechanistic understanding of the underlying 
sorption phenomena.  
In this study, I hypothesized, in the context of the conceptual dual SOM domain 
model, that HA, kerogen and BC associated with complex soil/sediment matrices can be 
quantified and that each of these SOM fractions has its own characteristics of sorption for 
HOCs.  I further hypothesized that kerogen and black carbon are the major constituents 
of the “hard carbon” SOM components and that, depending upon their respective content, 
they both dominate the overall sorption phenomena exhibited by soils and sediments.  
The overall goal of this study is to test the above hypotheses by experimentally 
determining the sorption equilibria using a bottle-point technique for different 
soil/sediment samples and the SOM fractions isolated from each soil/sediment sample.  
The objectives of this study are:  
1) to systematically measure sorption isotherms for the selected HOC probes, 
phenanthrene and naphthalene, on natural soil/sediment samples and the SOM 
fractions isolated from these soils and sediments; 
2) to elucidate sorption mechanisms of each SOM fraction as well as the bulk soils and 
sediments by analyzing and comparing the sorption isotherms among all the sorbents 
tested; 
3) to estimate the contributions of different SOM fractions to the overall HOC sorption 
by a bulk soil or sediment and to quantify the role of each SOM constituent in the 
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sorption equilibrium observed for the bulk soil. 
 
4.2 Approaches  
 
Unlike prior studies that only focused on a specific SOM fraction, this study 
examined equilibrium sorption for three major SOM fractions (humic acid, kerogen, and 
black carbon) isolated from soils and sediments.  I selected four soil/sediment samples 
collected from China as the original materials.  From each original sample, four SOM 
fractions, HKB, KB, HA, and BC, were carefully extracted and isolated using a 
comprehensive wet chemical procedure proposed by Song et al. (2002).  Because the 
original samples are variously polluted (see Chapter 3), the four original samples were 
Soxhlet extracted with organic solvents (methanol : acetone : benzene at a volumetric 
ratio of 2:3:5) and the extracted samples were included as the sorbents for comparisons.  
A fresh black carbon sample, MBC, was used for examining sorption properties of 
unaltered BC.  The major physical and chemical properties were listed in Tables 3.3-4 
of the previous chapter.   
Phenanthrene and naphthalene were chosen as the HOC probes in this study.  
They both are among the most commonly found organic pollutants in contaminated sites 
and they were extensively studied in prior studies (Huang et al., 1996b; McGroddy et al., 
1996; Weber and Huang, 1996; LeBoeuf and Weber, 1997; Young and Weber, 1997; 
Chiou et al., 1998; Karapanagioti et al., 2000; Ran et al., 2003; Simpson et al., 2003).  
Equilibrium sorption-desorption experiments were conducted at 22±0.5 ºC using 
flame-sealed glass ampules (20 mL) as the completely-mixed batch reactor (CMBR) 
systems.  The detailed experimental methodologies are provided in Chapter 3.   
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4.3 Results  
 
Major results of sorbent characterization and quantification are summarized in 
Appendix A.  These include the particle size distribution (Table A.1), microphotographs 
taken under microscopy with transmitting and reflecting modes (Figure A.1), 
microphotographs of scanning electronic microscope (Figure A.2), and 13C-nuclear 
magnetic resonance (NMR) spectra of different SOM fractions (Figures A.3 and A.4).   
The sorption experimental data were reduced following the procedures described 
in Chapter 3.  The measured equilibrium sorption data consisting of aqueous phase 
solute concentration (Ce in µg/L) and solid phase solute concentration (qe in µg/g) were 
fit to the linearized form of the Freundlich model (Equation 3.6).   
e Flog log logq K n= + eC             (3.6) 
The fitted Freundlich model parameters, logKF and n, for the measured phenanthrene and 
naphthalene sorption isotherms, along with their standard deviations, number of 
observations, and R2 values, are summarized in Tables 4.1-4.2.  The table also lists the 
single-point KOC values (= (qe/Ce)/fOC) of both solutes calculated at Ce = 0.005, 0.05, and 
0.5 CS from sorbent TOC data (Table 3.4) and the fitted isotherm parameters.  The KOC 
data included in Tables 4.1-2 are for direct comparison of sorption capacity among 
different fractions of SOM and for discussion of the KOC dependence on n and hence Ce.  
The use of KOC rather than the capacity-related isotherm parameter KF as a measure of 
sorption capacity is because the KF value of an isotherm is highly depended on both the 
TOC content of the sorbent and the nonlinearity (n) of the isotherm.  Moreover, at a 
given Ce level, the KOC values are also independent of the n values.  Therefore, 
compared to KF values, the KOC values measured at a given aqueous phase solute 
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concentration level exhibit much less variation among a large set of soil/sediment 
samples.   
All the sorption isotherm data are presented graphically in Figures 4.1-4.10.  
Similarly, to eliminate large variations in qe due to large difference of the TOC contents 
among the tested sorbents, the measured qe values have been normalized on the basis of 
TOC content of each sorbent.  The units of qe in all the isotherm plots (Figures 4.1-4.10) 
are thus in µg/g-OC.  Figures 4.1-4.8 show eight different sorption isotherms measured 
for the four sorbent series and for both phenanthrene and naphthalene.  Each of the eight 
figures include the isotherms measured for a given solute, a given original soil/sediment 
sample, its Soxhlet-extracted sample, and the four SOM fractions-HA, HKB, KB, and 
BC-isolated from that original sample.  Figures 4.9-4.10 present the phenanthrene and 
naphthalene sorption isotherms measured for the modern BC and the four KB fractions 
isolated from the four samples.  
According to Tables 4.1-4.2 and Figures 4.1-4.10, the R2 values for all the 
measured isotherms are greater than 0.99, suggesting that the Freundlich sorption model 
provides fairly good fits to the experimental data for the tested sorbent-sorbate systems.  
The major characteristics of the measured sorption equilibria are summarized below 
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Table 4.1 Phenanthrene isotherm parameters and single-point Koc values of 
samples: SS, RS, .PS, MS, and their SOM fractions 
Phenanthrene 
Freundlich Isotherm Parameters Single-Point KOC (L/g) Sample 
n log KF
((µg/g)/(µg/L)n) R
2 Ce =  
0.005 CS
Ce =  
0.05 CS
Ce =  
0.5 CS
Original 0.784 (0.0109) a 0.246 (0.0184) b 0.997 (20) c 44.4 24.6 13.6 
Extracted 0.603 (0.0104) 0.913 (0.0154) 0.995 (20) 73.6 32.4 14.3 
HKB 0.643 (0.0102) 2.37 (0.0179) 0.996 (20) 141 72.1 36.8 
KB 0.644 (0.0083) 2.360 (0.0141) 0.997 (20) 199 73.8 27.4 
BC 0.722 (0.0148) 1.656 (0.0268) 0.993 (20) 49.0 24.8 12.6 
Sandy 
Soil  
(SS) 
HA 0.709 (0.0106) 1.716 (0.0203) 0.996 (20) 57.6 33.5 19.5 
Original 0.742 (0.0104) 0.031 (0.0107) 0.997 (20) 38.3 23.3 14.2 
Extracted 0.644 (0.0141) 0.280 (0.0235) 0.991 (20) 145 58.3 23.4 
HKB 0.708 (0.0112) 2.087 (0.0202) 0.996 (20) 259 114 50.2 
KB 0.570 (0.0135) 2.306 (0.0201) 0.996 (20) 232 93.4 37.5 
BC 0.704 (0.0149) 1.541 (0.0266) 0.992 (20) 46.0 24.3 12.8 
River 
Sediment 
(RS) 
HA 0.764 (0.0108) 1.573 (0.0211) 0.996 (20) 82.1 42.0 21.5 
Original 0.638 (0.0140) 0.366 (0.0237) 0.991 (20) 59.3 25.8 11.2 
Extracted 0.666 (0.0139) 0.463 (0.0183) 0.992 (18) 90.7 42.1 19.5 
HKB 0.545 (0.0092) 2.496 (0.0166) 0.995 (20) 263 92.5 32.5 
KB 0.511 (0.0094) 2.429 (0.0166) 0.994 (20) 201 65.3 21.2 
BC 0.512 (0.0106) 1.950 (0.0192) 0.992 (20) 67.0 21.8 7.09 
Pond 
Sediment 
(PS) 
HA 0.704 (0.0145) 1.680 (0.0283) 0.992 (20) 72.4 36.6 18.5 
Original 0.579 (0.0078) 0.151 (0.0123) 0.997 (17) 78.8 29.9 11.4 
Extracted 0.513 (0.0093) 0.408 (0.0162) 0.994 (20) 136 44.5 14.5 
HKB 0.615 (0.0102) 1.988 (0.0177) 0.995 (20) 293 121 49.8 
KB 0.599 (0.0102) 1.967 (0.0178) 0.995 (20) 264 105 41.6 
Marine 
Sediment 
(MS) 
BC 0.612 (0.0108) 1.674 (0.0192) 0.994 (20) 81.5 33.3 13.6 
Modern BC 0.469 (0.009) 3.107 (0.0161) 0.994 (18) 756 223 65.5 
Note: a one standard deviation, b one standard deviation, c number of observations. 
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Table 4.2 Naphthalene isotherm parameters and single-point Koc values of samples: 
SS, RS, .PS, MS, and their SOM Fractions 
Naphthalene 
Freundlich Isotherm Parameters Single-Point KOC (L/g) Sample 
N log KF 
((µg/g)/(µg/L)n) R
2 Ce =  
0.005 CS
Ce =  
0.05 CS
Ce =  
0.5 CS
Original 0.698 (0.0215) a -0.856 (0.0542) b 0.991 (12) c 1.94 0.97 0.48 
Extracted 0.688 (0.0141) -0.642 (0.0333) 0.995 (6) 3.36 1.64 0.80 
HKB 0.586 (0.0147) 1.592 (0.0352) 0.994 (12) 9.19 3.55 1.37 
KB 0.589 (0.0140) 1.616 (0.0330) 0.994 (12) 10.6 4.12 1.60 
BC 0.731 (0.0140) 0.426 (0.0335) 0.996 (12) 1.60 0.86 0.46 
Sandy 
Soil  
(SS) 
HA 0.792 (0.0144) 0.365 (0.0369) 0.997 (12) 1.87 1.16 0.72 
Original 0.708 (0.0205) -0.620 (0.0509) 0.992 (12) 1.73 0.88 0.45 
Extracted 0.779 (0.0223) -0.688 (0.0469) 0.993 (6) 2.36 1.42 0.85 
HKB 0.577 (0.0143) 1.972 (0.0321) 0.994 (11) 22.4 8.46 3.20 
KB 0.525 (0.0145) 2.009 (0.0339) 0.992 (12) 18.4 6.16 2.06 
BC 0.666 (0.0125) 0.787 (0.0309) 0.996 (12) 1.85 0.86 0.40 
River 
Sediment 
(RS) 
HA 0.708 (0.0147) 0.595 (0.0381) 0.996 (12) 2.34 1.19 0.61 
Original 0.686 (0.0189) -0.674 (0.0486) 0.992 (12) 2.05 0.99 0.48 
Extracted 0.636 (0.0151) -0.270 (0.0342) 0.993 (6) 4.73 2.05 0.89 
HKB 0.568 (0.0179) 1.8675 (0.0429) 0.990 (12) 15.2 5.62 2.08 
KB 0.533 (0.0167) 1.7574 (0.0399) 0.990 (12) 9.33 3.18 1.08 
BC 0.663 (0.0186) 0.916 (0.0389) 0.993 (11) 2.61 1.20 0.55 
Pond 
Sediment 
(PS) 
HA 0.783 (0.0151) 0.343 (0.0390) 0.996 (12) 1.84 1.12 0.68 
Original 0.680 (0.0125) -0.890 (0.0331) 0.997 (12) 2.94 1.41 0.67 
Extracted - - - - - - 
HKB 0.560 (0.0153) 1.262 (0.0389) 0.993 (12) 11.5 4.18 1.52 
KB 0.630 (0.0189) 1.109 (0.0463) 0.991 (12) 11.2 4.76 2.02 
Marine 
Sediment 
(MS) 
BC 0.734 (0.0234) 0.228 (0.0574) 0.991 (11) 1.48 0.80 0.43 
Modern BC 0.416 (0.0092) 2.730 (0.0102) 0.998 (20) 41.0 10.7 2.79 
Note: a one standard deviation, b one standard deviation, c number of observations, - 
absence of data  
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Figure 4.1 Phenanthrene sorption measured for the original and Soxhlet- Extracted 
sandy soil (SS) and the SOM fractions isolated from the soil sample. 
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Figure 4.2 Phenanthrene sorption measured for the original and Soxhlet-Extracted river 
sediment (RS) and the SOM fractions isolated from the sediment sample. 
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Figure 4.3 Phenanthrene sorption measured for the original and Soxhle
sediment (PS) and the SOM fractions isolated from the sediment sample. 
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Figure 4.4 Phenanthrene sorption measured for the original and S
marine sediment (MS) and the SOM fractions isolated from the sediment 
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Figure 4.5 Naphthalene sorption measured for the original and Soxhlet-Extracted sandy 
soil (SS) and the SOM fractions isolated from the soil sample. 
100
1000
10000
10 100 1000 10000
C , µg/Le
Sorbent: RS
Sorbate: Naph
Original
   = 0.71n
Black C
   = 0.67n
HKB
   = 0.58nKB   = 0.53n
q  e
µg/g-OC Soxhlet Extr   = 0.78n
HA
   = 0.71n
Figure 4.6 Naphthalene sorption measured for the original and Soxhlet-Extracted river 
sediment (RS) and the SOM fractions isolated from the sediment sample. 
 
 
 
 
80
100
1000
10000
10 100 1000 10000
C , µg/Le
Sorbent: PS
Sorbate: Naph
Original
   = 0.69n
Black C
   = 0.66n
HKB
   = 0.57nKB
   = 0.53nq  e
µg/g-OC Soxhlet Extr
   = 0.64n
HA
   = 0.78n
Figure 4.7 Naphthalene sorption measured for the original and Soxhlet-Extracted pond 
sediment (PS) and the SOM fractions isolated from the sediment sample. 
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Figure 4.8 Naphthalene sorption measured for the original and Soxhlet-Extracted 
marine sediment (MS) and the SOM fractions isolated from the sediment sample. 
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Figure 4.9 Phenanthrene sorption measured for the modern black carbon material and 
KB fractions of other four soil/sediment samples. 
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Figure 4.10 Naphthalene sorption measured for the modern black carbon material and 
KB fractions of other four soil/sediment samples. 
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4.3.1 Isotherm Nonlinearity 
 
The data presented in Tables 4.1-4.2 and plotted in Figures 4.1-4.10 indicate that 
all equilibrium sorption isotherms measured for phenanthrene and naphthalene and the 24 
sorbents are nonlinear, with the n values ranging from 0.51 to 0.78 for phenanthrene 
isotherms and 0.52 to 0.79 for naphthalene isotherms.  In general, phenanthrene sorption 
isotherms appeared to be more nonlinear than naphthalene sorption isotherms for a given 
sorbent because phenanthrene has larger molecular size and is more hydrophobic than 
naphthalene.  For both phenanthrene and naphthalene, HA fractions exhibit the highest 
sorption isotherm linearity.  The measured n values of the phenanthrene sorption 
isotherms for HA, HKB, KB, and BC fractions isolated from the sandy soil are 0.76, 0.71, 
0.57, and 0.70, respectively, whereas the n values of the naphthalene sorption isotherms 
measured for the same set of the SOM fractions are 0.79, 0.59, 0.59, and 0.73, 
respectively.  Although they are relatively more linear than their respective original 
soil/sediment samples, the isotherms measured for the three HA fractions are undoubtedly 
nonlinear.  It is consistent with several prior studies of equilibrium sorption by HAs 
isolated from natural soils (Huang and Weber, 1997a; Xing and Pignatello, 1997).  
Huang and Weber reported the n values of 0.85 at pH=2.7 and of 0.92 with pH=7.0 for 
phenanthrene sorption by Chelsea soil HA; Xing and Pignatello observed the n values of 
0.90 and 0.94 for 1,2-DCB and 1,3-DCB sorption on Pahokee Peat Soil humic acid, 
respectively.  The n values of the isolated BC fractions are significantly greater than 
other BC-containing SOM fractions such as KB, and are also consistent with the 
literature data.  Bucheli and Gustafsson (2000) reported a Freundlich exponent of 0.67 
for sorption of pyrene onto NIST diesel soot.  Accardi-Dey and Gschwend (2002) 
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reported an n value of 0.62±0.12 for pyrene sorption on a sediment sample treated with 
375°C for 24 hours.  We believe that the high n values measured for the isolated BC 
fractions may result from alterations of the BC in hot dichromate solution during the last 
step of the isolation procedure.  As discussed below, such alterations may have also 
decreased the sorption capacities of BC.  The 13C-NMR spectra measured for the 
isolated BC clearly indicate high content of carboxylic functional groups that may be 
formed during the oxidation procedure (see Figures A.3 and A.4, and also see Song et al., 
2002).   
The n values of the sorption isotherms measured for the original soil/sediment 
samples are 0.579 (MS), 0.638 (PS), 0.742 (SS) and 0.784 (RS) for phenanthrene 
sorption and 0.68 (MS), 0.69 (PS), 0.70 (SS), and 0.71 (RS) for naphthalene.  These 
isotherms are generally more nonlinear than those reported for a set of EPA reference 
soils and sediments (Huang, 1997), suggesting that these Chinese samples contain higher 
contents of hard carbon, e.g., kerogen and BC, than the EPA samples.  The equilibrium 
sorptions of the Soxhlet extracted soil/sediment samples exhibit more nonlinear isotherms 
compare to those of the original samples, with an exception of isotherms of RS, in which 
the n values of the original and Soxhlet extracted samples are 0.71 and 0.78, respectively 
(see Tables 4.1 - 4.2 and Figures 4.1 - 4.8). 
 
4.3.2 Sorption Capacities 
 
The data summarized in Tables 4.1 - 4.2 indicate that, due to large variations in 
TOC contents and n values, the logKF values measured for all the sorbents vary from 
about 0.1 to 3.1 for phenanthrene and from -0.9 to 2.7 for naphthalene.  The organic 
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carbon normalized single-point KOC value exhibits much less variation since the effect of 
TOC contents was minimized.  Therefore, KOC, instead of KF, is more commonly used 
as a parameter for comparing the sorption capacity among different sorbents.  In general, 
the KOC data listed in Table 4.4 - 4.5 show that: i) the KOC values measured for each 
sorbent-solute system decrease as a function of Ce, indicating the effect of isotherm 
nonlinearity; ii) at lower Ce levels, the original samples exhibit much lower sorption 
capacities than their respective extracted samples; iii) among the four SOM fractions and 
at a given Ce, KB and HKB fractions have the highest KOC values and BC has the lowest 
KOC values.  At Ce = 0.5 CS, the phenanthrene KOC values of the four original samples 
fall into a narrow range of 11-15, consistent with the reported KOC values obtained 
experimentally or based on logKOC-logKOW correlations (Ran et al., 2002).  At Ce = 
0.005 CS, the phenanthrene KOC values of the same original samples scatter in a wider 
range of 38-79.  At a specific Ce of a given solute, the Soxhlet extracted soil/sediment 
samples have KOC values approximately twice as those of their respective original 
soil/sediment samples.  As mentioned above, the original samples may have been 
variously contaminated in the field with mixed organic pollutants such as chlorinated 
chemicals and PAHs.  Zhang et al. (2002) recently reported the total concentrations of 
DDT and hexachlorocyclichexane (HCH) of 2.6-1629 and from 0.1-17 ng/g, respectively, 
in the sediments collected from the Pearl River.  These presorbed pollutants may have 
occupied “sites” on soils and sediments, hence lowering the capacities for the two HOC 
sorbates.  Moreover, since organic pollutants preferentially interact with high energy 
sites on SOM, this competitive effect is more prominent when total qe is far less than the 
saturation limit, or Ce is in low concentration ranges (Pignatello and Huang, 1991; Kile et 
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al., 1995; Xing et al., 1996).  This is consistent with the observations of bisolute systems 
delineated in Chapter 5 of this dissertation, where I found that, due to competitive effect, 
sorption isotherms are more linear with decreased capacities in the lower Ce ranges of 
both phenanthrene and naphthalene.  After Soxhlet extraction, the organic pollutants 
were removed and the sorption capacity increased for single sorbates (either 
phenanthrene or naphthalene). 
The KOC values measured for a specific solute varied dramatically among the four 
different SOM fractions.  For a given series of samples derived from the same original 
soil or sediment, the HKB and KB fractions have the highest KOC values.  The KOC 
values for phenanthrene at Ce = 0.005CS are about 141-293 for the HKB and KB fractions, 
compared to the phenanthrene KOC values of 57.6-82.1 for HAs, 73.6-145 for the Soxhlet 
extracted samples, and 38.3-78.8 for the original samples at the same Ce level.  Similarly, 
the naphthalene KOC calculated at Ce = 0.005CS are 9.19-22.4, 1.84-2.34, 2.36-4.73, and 
1.73-2.94 for the HKB and KB fractions, HAs, the Soxhlet extracted, and the original 
samples, respectively.  As discussed later, the higher sorption capacities coupled with 
greater nonlinearity of the isotherms suggest that HKB and KB fractions may have high 
energy sorption sites that may exhibit capacity-limited surface adsorption.   
The organic-carbon normalized sorption capacities measured for the four isolated 
BC samples were unexpectedly low.  The single-point KOC values calculated at Ce = 
0.005CS for the isolated BC materials ranged from 46.03 to 81.45 and 1.48 to 2.61 for 
phenanthrene and naphthalene, respectively (Table 4.1 - 4.2).  They were several times 
to one order of magnitude lower than those of the modern BC that had not undergone wet 
chemical treatment during their isolation in the lab nor transport process in surface 
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aquatic systems (Table 4.1 - 4.2).  It is likely that BC particles associated with soils and 
sediments may have undergone various aging or weathering processes causing changes of 
their physicochemical properties.  While the effects of these natural processes on BC are 
currently unknown, alterations of BC during the isolation procedure are well perceived 
and are expected to have major impacts on sorption properties of BC.  During the 
isolation procedure, hydrofluoric and hydrochloric acids were used for demineralization 
of soils, and dichromate and sulfuric acid were used to oxidize other SOM components 
such as kerogen.  BC, being an inert material, is believed to be little affected by 
hydrofluoric and hydrochloric acids, but it can be degraded in hot and acidic chromate 
solution (Song et al., 2002).   
Figures 4.9-10 present respectively the phenanthrene and naphthalene sorption 
isotherms for the four KB fractions and the modern BC sample.  For a given solute, the 
sorption capacities of the KB fractions are lower than those of the modern BC.  The data 
listed in Table 4.1 - 4.2 also show that the KOC values of the four KB fractions at Ce = 
0.005CS are 199-265 and 9.33-18.4 for phenanthrene and naphthalene, respectively, and 
that the KOC values of the modern BC are 803 and 46.3, respectively.  Since sorption on 
BC likely follows a surface adsorption mechanism, its sorption capacity depends 
primarily upon the specific surface area (SSA).   
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4.4 Discussion 
 
4.4.1 Sorption Mechanisms 
 
This study revealed that all tested samples exhibited nonlinear sorption equilibria 
and that the isolated SOM fractions showed different degrees of sorption nonlinearity and 
varied sorption capacity.  The results reinforced the DRM proposed by Weber et al. 
(1992), which hypothesized that SOM is comprised by “soft carbon” and “hard carbon” 
SOM domains and that the hard carbon SOM contains heterogeneous sorption sites.  
According to the DRM, heterogeneous SOM could be treated as a mixture of a series of 
organic macromolecular polymers with a spectrum of different glass transition 
temperatures (Huang and Weber, 1998).  The HOC sorption by soils and sediments can 
be adequately described using the polymer sorption based theory (Pignatello and Xing, 
1996; LeBoeuf and Weber, 1997; Xing and Pignatello, 1997; LeBoeuf and Weber, 2000b; 
Weber et al., 2001).  According to the polymer literature, amorphous organic polymers 
have two thermodynamic states: rubbery and glassy.  As temperature increases, a 
polymer in its glassy state can transit to its rubbery state.  The temperature at which 
such a transition occurs is called glass transition temperature.  Rubbery polymers, with 
their relative ease of molecular motion, behave similarly as fluids, within which simple 
Brownian motion and Fickian diffusion of solute molecules occur.  This allows 
successful modeling of the sorption/desorption behavior of such materials in terms of 
phase partitioning theory. Glassy polymers, with decreased molecular mobility, are 
described as containing fixed free-volume microvoids within which sorbing molecules 
are adsorbed and immobilized, resulting in nonlinear adsorption behavior.   
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As summarized above, our results showed that all three tested HA fractions 
exhibited significant nonlinear sorption behavior, with n values ranging from 0.70 to 0.76 
and 0.71 to 0.79 for phenanthrene and naphthalene, respectively.  These nonlinear 
sorption phenomena can be interpreted via the polymer sorption theory (Huang et al., 
1997; Pignatello, 1997; Mao et al., 2001; Weber et al., 2001).  It is known that HA has a 
highly branched network of aliphatic and aromatic segments containing abundant 
hydroxyl, ethereal, carbonyl, ester, and carboxylic acid functional groups.  At typical 
natural pH conditions, humic molecules are polyanionic due to acid dissociation of some 
of the carboxylic acid and phenolic groups (Xing et al., 1996; Pignatello, 1997).  In 
solution, they coil randomly and aggregate to form colloids.  When being extracted from 
soil/sediment particles using base solutions, HA molecules are negatively charged due to 
deprotonation of ionizeable functional groups.  HA molecules are separated from each 
other by electrostatic forces as well as by the entropy driving force.  When the solution 
pH is decreased, the dissolved HA “ions” become neutral molecules again.  The 
hydrophobic segments of HA molecules try to aggregate as tightly as possible to keep 
away from water molecules and such forms the condensed center of HA aggregations.  
However, the existence of 3-D backbone structures makes it impossible for HAs to form 
a uniform condensed or pore-free core of the HA particle.  The condensed hydrophobic 
core may be the component that causes the nonlinear sorption of HOCs by HA particle 
whereas the outer part of HA particle may dominate the partition process within the 
relatively loose structures, e.g., amorphous poly-methylene domain (Mao et al., 2002).   
It should be pointed out that sorption by HA is widely believed to follow a 
partitioning process (Chiou et al., 1979; Chiou et al., 1998; Chiou et al., 2000).  This 
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viewpoint has been held even though nonlinear sorption isotherms were observed for 
humic materials.  These authors attributed the isotherm nonlinearity observed for HA 
exclusively to a hypothetical high surface area carbonaceous material (HSACM) such as 
black carbon materials.  Obviously, HSACM should have been eliminated from the 
tested HAs in my study because the HA samples I used underwent several cycles of 
dissolution and precipitation during isolation and purification.  We believe that, at the 
current state of scientific understanding, the nonlinear sorption phenomena exhibited by 
HA can only be interpreted using the polymer sorption theory.   
The experimental results revealed that kerogen and BC exhibited higher sorption 
affinities for the two sorbates and their sorption isotherms were significantly more 
nonlinear.  These two particulate SOM materials are apparently the most important 
reactive components for the sorption by soils and sediments.  However, many prior 
studies over emphasized the contribution of BC to the nonlinear and high affinity 
sorption behavior of soil/sediment samples.  For instance, some studies attributed solely 
the observed nonlinear sorption phenomena to BC, and ignored the contribution from HA.  
Moreover, kerogen was not even mentioned.  Accardi-Dey and Gschwend (2002) 
measured BC content by comparing the TOC content of thermally treated soil/sediment 
sample at 375˚C in the presence of oxygen to that of its original sample.  The underlying 
hypothesis of their method is that BC is inert and should not be oxidized at 375˚C while 
other SOM fractions are oxidized that this condition.  By this method, they simply 
divided SOM into two fractions, non-BC and BC.  They measured equilibrium sorption 
on the thermally treated soils and sediments using pyrene as the sorbate.  The measured 
pyrene sorption by the treated soils and sediments was attributed solely to the BC fraction 
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which was assumed responsible for the overall nonlinear sorption phenomena.  In that 
study, the non-BC fraction was treated as a partitioning medium.  Chiou et al. (2002) 
suggested that the isotherm nonlinearity of HOC sorption by SOM was contributable to 
HSACM.  In our study, however, we found that kerogen, which accounted for 24-48% 
of SOM TOC contents of tested soil/sediment samples, was an important constituent of 
SOM than BC fraction in the observed nonlinear sorption phenomena for bulk 
soil/sediment samples.  This conclusion is supported directly by two pieces of evidence:  
Firstly, the isotherm nonlinearity of the KB fractions is more pronounced and their 
sorption capacity is significantly greater when compared to the BC fractions.  Secondly, 
the sorption capacities of KB fractions are comparable with the capacity of the modern 
BC which has not undergone oxidation process and hence has no alteration.  Because 
BC has rigid matrix, sorption on BC may follow adsorption process at its external and 
internal surfaces.  Data listed in Table 3.3 show that the modern BC and the four KB 
fractions have SSA of 87 and 6-14 m2/g, respectively.  Table 3.4 indicated that kerogen 
and BC are two major SOM components, comprised 24-48% and 18-41% of the total 
organic carbon of the tested samples, respectively.  The fact that the modern BC with 
SSA five to ten times greater than KB does not exhibit proportionally greater sorption 
capacity suggests that kerogen matrices may possess greater SSA-normalized sorption 
capacity.  This increased sorption capacity may be attributable to the penetration or 
absorption of sorbate molecules within kerogen matrices.  Both BC and kerogen have 
aromatic rings stacked to form 3-D networked structures.  Depending upon their source 
materials and their diagenetic history, kerogen matrices could be variably flexible and 
voids or interlayers between aromatic sheets could be filled with aliphatic carbon chains.  
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These aliphatic moieties could serve as a partitioning phase for the HOC sorbates.  As 
shown in a recent study by Yang et al. (submitted), kerogen matrices subject to thermal 
treatment at 500oC or above became BC, which is characterized by greater rigidity and 
few or no aliphatic carbon chains.  These BC materials were shown to have increased 
isotherm nonlinearity but exhibited dramatically lower capacity for sorption of 
phenanthrene. 
The differences in the sorption nonlinearity and the sorption capacity among HKB, 
KB, and HA fractions may result from the differences of their physicochemical properties.  
Huang and Weber (1997) demonstrated that nonlinearity and capacity of phenanthrene 
sorption isotherms were correlated inversely with the O/C atom ratio of SOM.  They 
found that samples containing more physically condensed and chemically reduced SOM 
matrices exhibited greater sorption affinity, more nonlinear sorption isotherms, and more 
pronounced hysteresis.  The results of this study are consistent with their observations.  
For instance, among the SOM fractions tested, HA fractions having the highest O/C and 
H/C ratios exhibited the least sorption isotherm nonlinearity and the lowest sorption 
capacity for both phenanthrene and naphthalene.  KB factions having the smallest O/C 
and H/C ratios exhibited the highest sorption isotherm nonlinearity and the greatest 
sorption capacity for phenanthrene and naphthalene. 
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Figure 4.11 Sorption contributions of different isolated SOM fractions from sandy soil 
(SS) to overall phenanthrene sorption. 
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Figure 4.12 Sorption contributions of different isolated SOM fractions from river 
sediment (RS) to overall phenanthrene sorption. 
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Figure 4.13 Sorption contributions of different isolated SOM fractions from pond 
sediment (PS) to overall phenanthrene sorption. 
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Figure 4.14 Sorption contributions of different isolated SOM fractions from marine 
sediment (MS) to overall phenanthrene sorption. 
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Figure 4.15 Sorption contributions of different isolated SOM fractions from sandy soil 
(SS) to overall naphthalene sorption. 
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Figure 4.16 Sorption contributions of different isolated SOM fractions from river 
sediment (RS) to overall naphthalene sorption. 
 
 
 
 
95
1
10
100
10 100 1000
q  e
µg/g
C , µg/Le
HBK 
Contribution
Original
Sorbent: PS
Sorbate: Naph
KB
Contribution
BC
Contribution
HA
Contribution
Sum of 
KB + HA
Soxhlet Extr.
Figure 4.17 Sorption contributions of different isolated SOM fractions from pond 
sediment (PS) to overall naphthalene sorption. 
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Figure 4.18 Sorption contributions of different isolated SOM fractions from marine 
sediment (MS) to overall naphthalene sorption. 
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The fact that the sorption capacities of the HKB and KB fractions exceeded those 
of their respective original and Soxhlet extracted samples suggests that BC and kerogen 
particles were likely present as aggregates in soils and sediments.  Inorganic and organic 
coating and encapsulation may substantially decrease the exposure of their external and 
internal surfaces to the solution phase, hence lowering sorption capacity for HOCs.  
Treatment with hydrofluoric and hydrochloric acids had removed the inorganic matrices 
and exposed the external and internal surfaces of BC and kerogen to solution phase, 
elevating the capacities for the sorbate molecules.   
 
4.4.2 Contribution of Individual SOM Fractions to the Overall Sorption 
 
The contributions of each isolated SOM fraction to the overall sorption of 
phenanthrene and naphthalene by the four soil/sediment samples are illustrated in Figures 
4.11-4.18.  For better comparison, the isotherms measured for both Soxhlet extracted 
and original samples and the sum of the contributions from HA and KB are also included 
in the figures.  The isotherms shown in these figures for HA, BC, HKB, and KB were 
calculated based on the isotherm parameters listed in Tables 4.1-4.2 and the mass 
distribution and TOC content of different SOM fractions given in Table 3.4.  The 
following equation was used for the calculation.   
i
e
i
Fi
s
i
e TOC
TOC nCKfq =          (4.1) 
where TOCs and TOCi are total organic carbon contents of the original soil/sediment 
sample and the isolated SOM fraction i, respectively; f is the organic carbon-based mass 
fraction of SOM i;  and  are the Freundlich isotherm parameters; and  (µg/g) iFK in ieq
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is the solid-phase solute concentration contribution from SOM fraction i to the overall 
sorption by its original sample.   
Careful examination of Figures 4.11 - 4.18 shows that, for a given sorbate and for 
a specific series of SOM samples derived from an original soil or sediment: i) the humic 
acid fraction has the lowest contribution (~1-5%) to the overall sorption by each sample; 
ii) both KB and HKB have comparable contributions; iii) BC fraction has the second 
lowest contribution; iv) the sum of the sorption capacities of KB and HA fractions is 
generally lower than that of HKB; and v) the contributions of HKB and KB fractions 
even exceed the overall capacity of the Soxhlet extracted sample.  It is clear from each 
figure that the contribution of the HA fraction to the overall sorption by a given 
soil/sediment is the lowest since its distributed sorption isotherm is located well below 
the isotherms of other fractions.  The fact that both HKB and KB have comparable 
contributions also suggests a lower contribution from HA.  The insignificant role of HA 
in the overall sorption is apparently due to the low content of HA in each soil/sediment 
sample tested.  As shown in Table 3.4, the HA contents range from 6.0% to 15% of the 
total SOM on a TOC basis.   
The low contribution of the BC fraction to the overall sorption is indeed quite 
unexpected given the fact that BC contents are relatively high in the tested soil/sediment 
samples.  As discussed above and further discussed later on, this unexpectedly low 
sorption capacity is primarily attributable to the oxidative modification of the BC 
materials by the hot and acidic dichromate solution during the last step of the isolation 
procedure.   
An important feature shown in Figures 4.11 - 4.18 is that the sorption capacities 
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of the HKB and KB fractions exceed those of their respective original and Soxhlet 
extracted samples.  It indicates that, when associated with the matrix of soils and 
sediments, SOM becomes less sorptive for the target HOC solutes.  BC and kerogen 
particles are likely present as aggregates in soils and sediments.  Inorganic and organic 
coating and encapsulation may substantially decrease the exposure of their external and 
internal surfaces to the solution phase, hence lowering sorption capacity for HOCs.  
Treatment with hydrofluoric and hydrochloric acids had destroyed the inorganic matrices 
and exposed the external surfaces of BC and kerogen to solution phase, elevating the 
capacities for the sorbate molecules.  Such a difference in sorption capacity between the 
isolated and the soil matrix-bound SOM may bear very interesting implications for the 
rates of sorption and sequestration of HOC in soils and sediments.  If the sorption 
capacity of the isolated and clean SOM represents the ultimate HOC sorption capacity for 
a soil or sediment, the sorption measured in the laboratory may be far from a true 
equilibrium state.  As inorganic deposits on the surfaces of particulate SOM can 
dissolve and reprecipitate under different physicochemical conditions, sorption of HOCs 
by soil/sediment matrices may continue over extended time periods.  Formation or 
reorganization of soil aggregate structures may ultimately sequester organic pollutants 
within encapsulated SOM.   
 
4.5 Summary 
 
This study reports equilibrium sorption of two organic chemicals by a set of soils 
and sediments and different SOM fractions quantitatively isolated from the selected 
soil/sediment samples. 
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The major conclusions arrived at from this study are summarized below: 
1) About half of the total organic carbon of the four tested soil/sediment samples was 
comprised by particulate kerogen and BC.  At least one third of the organic carbon 
was BC for three of the four samples.  This finding is quite contrary to our textbook 
knowledge that humic materials would be the dominant organic matter in soils and 
sediments. 
2) All the isolated SOM fractions exhibited variously nonlinear sorption equilibria for 
phenanthrene and naphthalene, which can be best delineated using the two parameter 
Freundlich sorption equation.  Our data are contradictory to textbook knowledge 
that the sorption of nonionic organic pollutants by soils and sediments would follow 
a linear partitioning process that would be quantified using a one parameter linear 
sorption model. 
3) Due to their high contents in the tested soil samples and their hydrophobic nature, 
particulate kerogen and black carbon appeared to dominate the overall sorption by 
the bulk soil and sediment samples.  Because of its low content and relatively less 
hydrophobicity, humic acid played an insignificant role in the overall HOC sorption 
by the bulk soil and sediment.  Again, this finding is quite contrary to our textbook 
knowledge that humic acid would dominate the sorption of nonionic organic 
pollutants by soils and sediments. 
4) The black carbon fraction isolated using the wet chemical procedure exhibited 
unexpectedly low sorption capacity due to the alteration of its surface properties.  
For better characterizing black carbon materials in soils and sediments, alternative 
methods for physically separating BC from soils with little or no alteration on its 
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surfaces should be developed.   
5) The sorption capacities of the HKB and KB fractions exceeded those of their 
respective original and Soxhlet extracted samples indicating that, when associated 
with the matrix of soils and sediments, particulate SOM became less sorptive for the 
organic pollutants.  This result may suggest that the sorption measured in the 
laboratory may be far from a true equilibrium state if the sorption capacity of the 
isolated and clean SOM represents the ultimate HOC sorption capacity for a soil or 
sediment.   
This study, for the first time in the literature, systematically examined the HOC 
sorption on major SOM fractions isolated from the original soils and sediments.  Our 
study indicates that particulate SOM fractions are the most reactive components for 
organic pollutant-soil interactions.  As sorption is among the fundamental processes that 
control the fate and transport of organic pollutants in environmental systems, future 
studies should focus on how these particulate SOM fractions affect abiotic and biotic 
transformations of organic pollutants in aquatic systems.    
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CHAPTER 5 :  THE ROLE OF BLACK CARBON AND KEROGEN IN THE 
COMPETITIVE SORPTION BY SOILS 
 
This chapter examines the role of black carbon and kerogen in the competitive 
sorption of HOCs by soils and sediments.  It has been shown in the literature that 
sorption of a primary HOC in the presence of a background HOC by soils is very 
different from that observed in single solute systems.  This difference is caused by 
solute-solute competition for sorption “sites” on soils.  Because of its strong influence 
on the fate and transport of HOC mixtures in aquatic environments, a thorough 
understanding of the competitive sorption is very much needed.  In this Chapter, the 
rationale and the objectives of the study and the hypotheses to be tested are presented in 
the first section, followed by a summary of the experimental matrix.  The experimental 
results are presented graphically and listed in tables.  The major trends of the results are 
summarized and their implications for sorption mechanisms and differential roles of 
different types of SOM are discussed.  In this study, we found that sorption on HA 
exhibited little competition between the two tested HOC probes, phenanthrene and 
naphthalene, while sorption on black carbon and kerogen manifested strong competition 
between the two solutes.  This finding indicated that the particulate SOM played the 
dominant role in the competitive sorption of organic mixtures, suggesting that sorption on 
black carbon and kerogen may follow surface adsorption processes, consistent with the 
findings discussed in Chapter 4 of this dissertation.     
 
 
 
102
5.1 Rationale, Hypotheses, and Objectives  
 
Mixtures of different hazardous organic chemicals such as PAHs and chlorinated 
aliphatics and aromatics are commonly found in contaminated sites.  Physical, chemical 
and biological processes that control the fate, transport and bioavailability of individual 
pollutants may vary in the presence of other background solutes.  It is essential to have a 
complete understanding of the competitive effect in order to accurately predict the fate, 
transport and chemical and biological reactivity of mixed pollutants in ecosystems.  
Despite the fact that mixed HOCs are commonly found in the environment, prior studies 
of sorption phenomena centered on single solute systems.  Investigations of sorption 
behavior for organic chemical mixtures are relatively limited, and contradictory results 
were reported in the literature.  For instance, Chiou et al. (1998) did not observe 
competitive effect between parathion and lindane, and 1,3-dichlorobenzene and 
1,2,4-trichlorobenzene.  Contrarily, several experimental studies (McGinley et al., 1993; 
Xing et al., 1996; Li and Werth, 2001; Yu et al., 2004) reported that solutes sorbed on 
soils could be displaced partially by a background solute and that the sorption capacity, 
isotherm nonlinearity and the desorption rate of a given HOC solute were affected 
variously by the co-existing HOC solute, depending upon both the physicochemical 
properties of the co-solutes and the characteristics of the natural sorbents.  The 
contradictions indicate that information of multi-solute sorption and desorption processes 
is still insufficient.  Studies directly answering how HOC mixtures interact with 
different types of SOM over broad concentration ranges and how sorption isotherm and 
rate parameters of a given HOC solute are affected in the presence of other HOC solutes 
are very much needed. 
 
 
 
103
The study described in this Chapter investigates, in general, the competitive 
effects of organic mixture sorption by soils and sediments.  I hypothesize that there 
exists competition among mixed organic solutes for sorption by soils and that the 
particulate SOM (black carbon and kerogen) plays a major role in the competitive 
sorption.  In Chapter 4, I characterized the physical and chemical properties of a set of 
soil/sediment samples and the isolated SOM fractions from these samples.  I measured 
the equilibrium sorption of single solute, phenanthrene or naphthalene, by these samples.  
The results indicated that the particulate SOM dominates overall single solute sorption by 
soils and sediments and that the sorption mechanisms of the individual SOM fractions 
including humic acid, kerogen, and black carbon are significantly different.  In this 
chapter, it is my intention to further explore the differential roles of these different SOM 
fractions in the competitive sorption of organic mixtures.  The objectives of this study 
are therefore to measure the equilibrium competitive sorption isotherms for the selected 
soil/sediment samples and the isolated SOM fractions for testing the above hypothesis 
and for better understanding the competitive sorption of HOC mixtures and further 
elucidating the underlying sorption mechanisms by soils and sediments.  
 
5.2 Approaches  
 
A total of 17 sorbents were used in this study.  They include three original 
soil/sediment samples, Chelsea soil, sandy soil and pond sediment.  The later two 
samples were used in the study presented in Chapter 4.  In addition, I also used the base 
extracted Chelsea soil (CSBE), HA fraction (CSHA) and KB fraction (CSKB) isolated 
from Chelsea soil; the Soxhlet extracted sandy soil and the HKB, KB, HA and BC 
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fractions of the sandy soil; the Soxhlet extracted pond sediment and the HKB, KB, HA 
and BC fractions of the pond sediment; the modern black carbon sample (MBC).  
Phenanthrene was chosen as the primary sorbate and naphthalene as the background or 
cosolute.  The equilibrium sorption of phenanthrene was examined at two different 
levels of the background naphthalene concentrations, 200 and 8000 µg/L, respectively.  
Both phenanthrene and naphthalene were loaded simultaneously into the sorption systems.  
The sorption experiments were conducted at 22±0.5ºC for 3 weeks using flame-sealed 
glass ampules as the completely-mixed batch reactors (CMBR).  The liquid/solid ratio 
was set to achieve about 40~60% reduction in the initial aqueous phase phenanthrene 
concentrations.  The initial and equilibrium aqueous phase concentrations of both 
phenanthrene and naphthalene were measured using an HPLC and the equilibrium solid 
phase concentrations of the two solutes were calculated from mass balance between the 
two phases using Equation 3.5.  The detailed experimental methodology is given in 
Chapter 3.  
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Table 5.1 Freundlich parameters of phenanthrene sorption isotherms by soil/sediment samples and isolated SOM fractions 
under competing of low and high concentrations of naphthalene. 
Low naphthalene concentration (~200 ppb) High naphthalene concentration (~8000 ppb)
Samples 
n (σ)a LogKF (σ) 
((µg/g)/(µg/L)n) N R
2 n (σ) LogKF (σ) 
((µg/g)/(µg/L)n) N R
2
Originalb 0.727(0.0056) 0.610(0.0099) 10    0.999 0.772(0.0079) 0.498(0.0140) 10 0.999
BE     0.812(0.0145) 0.388(0.0217) 10 0.997 0.882(0.0131) 0.043 (0.0204) 10 0.998
HA    0.901(0.0137) 1.464(0.0203) 10 0.998 0.927(0.0103) 1.339(0.0163) 9 0.999
Chelsea Soil 
(CS) 
KB     0.825(0.0203) 1.485(0.0298) 10 0.995 0.895(0.0220) 1.239(0.0333) 10 0.995
Original     0.652(0.0126) 0.366(0.0179) 10 0.997 0.694(0.0121) 0.166(0.0180) 10 0.998
Treated     0.655(0.0159) 0.355(0.0239) 10 0.995 0.711(0.0149) 0.151(0.0230) 10 0.997
HKB     0.651(0.0123) 2.208(0.0185) 10 0.997 0.801(0.0143) 1.796(0.0222) 10 0.998
KB     0.564(0.0115) 2.285(0.0172) 10 0.997 0.712(0.0108) 1.868(0.0166) 10 0.998
HA     0.795(0.0161) 1.919(0.0207) 10 0.997 0.807(0.0115) 1.822(0.0151) 10 0.998
Pond 
Sediment 
(PS) 
BC     0.616(0.0084) 1.747(0.0125) 10 0.999 0.792(0.0138) 1.347(0.0207) 10 0.998
Original     0.723(0.0129) 0.042(0.0186) 10 0.998 0.797(0.0184) -0.166(0.0272) 10 0.996
Treated    0.661(0.0112) 0.370(0.0159) 9 0.998 0.796(0.0140) 0.009(0.0201) 10 0.998
HKB     0.723(0.0162) 1.982(0.0243) 10 0.996 0.921(0.0175) 1.454(0.0271) 10 0.997
KB     0.613(0.0165) 2.171(0.0247) 10 0.994 0.876(0.0123) 1.578(0.0188) 10 0.998
HA     0.947(0.0276) 1.589(0.0368) 10 0.993 0.969(0.0142) 1.483(0.0195) 10 0.998
Sandy  Soil 
(SS) 
BC     0.705(0.0166) 1.517(0.0246) 10 0.996 0.814(0.0203) 1.267(0.0305) 10 0.995
Modern BC MBC     0.468(0.0108) 3.079(0.0163) 10 0.996 0.675(0.0128) 2.503(0.0198) 10 0.997
a: standard deviation (STD)   b: data from Chapter 6 with low Naph. C0=~210 µg/L and high Naph. C0=~9200 µg/L 
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5.3 Results 
 
Table 5.1 lists the fitted Freundlich isotherm parameters (logKF and n) obtained 
for all the sorbent-sorbate systems tested in this study.  The standard deviations, number 
of observations, and R2 values are also listed in the table.  Figures 5.1-5.17 present the 
experiment data of phenanthrene sorption equilibria in the absence of naphthalene (O) 
and in the presence of naphthalene at both low and high concentrations (LN and HN, 
respectively) and the IAST model predictions of the phenanthrene sorption equilibria at 
both tested low and high naphthalene concentrations (MLN and MHN, respectively).  
Figures 5.10 and 5.16 do not present the IAST prediction. 
Table 5.1 shows that, for all the sorbents tested, the Freundlich parameter n value 
of the measured phenanthrene isotherms increases on the order of zero, low and high 
concentrations of the background naphthalene whereas the logKF value decreases 
accordingly.  These observations indicate that there is strong competitive effect of the 
background naphthalene on the equilibrium sorption of phenanthrene on all the sorbents 
examined in this study.  Further comparison of the data listed in Table 5.1 and presented 
in Figures 5.1-5.17 indicates that the magnitudes of the competitive effects vary among 
the sorbents.  Figures 5.4 (CSHA), 5.10 (PSHA), and 5.16 (SSHA) show that the 
phenanthrene sorption data measured at both low and high naphthalene concentrations 
have little or no appreciable difference, suggesting very little competitive effect on the 
sorption by humic acids.  However, the phenanthrene sorption data obtained for all other 
sorbents at both low and high naphthalene concentrations are quite different, indicating 
significant competition of naphthalene on the equilibrium sorption of phenanthrene.   
We invoke a dimensionless parameter α for quantifying the magnitude of the 
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observed competitive effect of naphthalene on the phenanthrene sorption, which is 
computed with the following equation: 
e,phen
, ,
,
e LN e HN
e LN C
q q
q
−=α             (5.1) 
where qe,LN and qe,HN are the equilibrium phenanthrene concentrations in the 
sorbent phase at low and high initial aqueous concentrations of naphthalene, respectively; 
the subscript Ce,phen specifies a given equilibrium phenanthrene concentration in the 
aqueous phase.  The α values were computed from the best fit phenanthrene sorption 
isotherm parameters at two equilibrium aqueous phenanthrene concentrations (10 and 
100 µg/L) and the results are listed in Table 5.2.   
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Table 5.2 Relative strength of phenanthrene competitive sorption on different 
sorbents 
Low Naph. High Naph. α (qe,LN-qe,HN)/qe,LNSamples 
n LogKF 
((µg/g)/(µg/L)n) n 
LogKF 
((µg/g)/(µg/L)n)
Phen Ce
10 µg/L 
Phen Ce
100 µg/L
Original* 0.727 0.610 0.772 0.498 0.14 0.049 
BE 0.812 0.388 0.882 0.043 0.47 0.38 
HA 0.901 1.464 0.927 1.339 0.20 0.15 
CS 
KB 0.825 1.485 0.895 1.239 0.33 0.22 
Original 0.652 0.366 0.694 0.166 0.30 0.23 
Treated 0.655 0.355 0.711 0.151 0.29 0.19 
HBK 0.651 2.208 0.801 1.796 0.45 0.23 
BK 0.564 2.285 0.712 1.868 0.46 0.24 
HA 0.795 1.919 0.807 1.822 0.18 0.15 
PS 
BC 0.616 1.747 0.792 1.347 0.40 0.10 
Original 0.723 0.041 0.797 -0.166 0.26 0.13 
Treated 0.661 0.370 0.796 0.009 0.41 0.19 
HBK 0.723 1.982 0.921 1.454 0.53 0.26 
BK 0.613 2.171 0.876 1.578 0.53 0.14 
HA 0.947 1.589 0.969 1.483 0.17 0.13 
SS 
BC 0.705 1.517 0.814 1.267 0.28 0.07 
MBC MBC 0.468 3.079 0.675 2.503 0.57 0.31 
*: data from Chapter 6 with low Naph. C0=~210 µg/L and high Naph. C0=~9200 µg/L 
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Figure 5.1 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on Chelsea soil original sample (CSO). 
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Figure 5.2 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on Chelsea soil base extracted sample (CSBE). 
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Figure 5.3 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated KB fractions of Chelsea soil (CSKB) 
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Figure 5.4 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated HA fraction of Chelsea soil (CSHA) 
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Figure 5.5 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on pond sediment original sample (PSO). 
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Figure 5.6 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on pond sediment base extracted sample (PSE). 
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Figure 5.7 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated HKB fraction of pond sediment (PSHKB). 
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Figure 5.8 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated KB fraction of pond sediment (PSKB). 
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Figure 5.9 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated BC fraction of pond sediment (PSB). 
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Figure 5.10 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with its single solute sorption isotherms on the 
isolated HA fraction of pond sediment (PSHA). 
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Figure 5.11 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on sandy soil original sample (SSO). 
1
10
100
1 10 100 1000
MLN
MHN
LN
HN
O
q  e
µg/g
C , µg/Le
Sorbent: SSE
1
10
100
10 100 1000
MLN
MHN
LN
HN
O
q  e
µg/g
C , µg/Le
Sorbent: SSO
Figure 5.12 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on sandy soil base extracted sample (SSE). 
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Figure 5.13 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated HKB fraction of sandy soil (SSHKB). 
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Figure 5.14 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated KB fraction of sandy soil (SSKB). 
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Figure 5.15 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the isolated BC fraction of sandy soil (SSB). 
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Figure 5.16 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of background naphthalene comparing with its single solute sorption 
isotherms on the isolated HA fraction of sandy soil (SSHA). 
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Figure 5.17 Phenanthrene competitive sorption isotherms measured under low and high 
concentrations of naphthalene comparing with the IAST predicted and its single solute 
sorption isotherms on the modern black carbon sample (MBC). 
 
 
 
5.4 Discussion 
 
he experimental data presented in Table 5.1 and Figures 5.1-5.17 indicate that 
the competitive effect on phenanthrene sorption observed at a given naphthalene 
concentration decreased as the aqueous phenanthrene concentration increased.  Such a 
change is better demonstrated in the calculated α values listed in Table 5.2, in which the α 
value for a given sorbent decreased as the equilibrium aqueous concentration of 
phenanthrene increased from 10 to 100 µg/L.  The data listed in Table 5.2 show that the 
HKB and KB fractions isolated from the sandy soil and the pond sediment had the largest 
α values at both phenanthrene concentrations, indicating that naphthalene had much 
T
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stronger competitive effect on the sorption of phenanthrene by the HKB and KB fractions 
that contain particulate SOM.  In other words, kerogen and black carbon materials were 
likely the major SOM components responsible for the strong competitive sorption 
observed for the bulk soils.   
The α values calculated for the two BC fractions isolated from the sandy soil and 
the pon
oxhlet-extracted samples were either greater than 
or clos
d sediment were lower than those of their respective HKB and KB fractions.  As 
discussed in Chapter 4, it is likely that the surface properties of the isolated BC materials 
may have been changed during the isolation procedure and their surface affinity for HOC 
molecules was decreased accordingly.  The greater α value calculated for the modern 
black carbon material indicated that black carbon without surface modification should 
exhibit significant competitive effect.  
The α values calculated for the S
e to those of the corresponding original samples, indicating that the competitive 
effect of naphthalene on the equilibrium sorption of phenanthrene by the 
Soxhlet-extracted samples is either greater or close to that of the original samples.  This 
is consistent with one of the conclusions drawn in Chapter 4 that Soxhlet-extraction could 
have removed some small organic molecules from soil/sediment samples.  Those small 
organic molecules associated with the soil/sediment samples can compete with 
phenanthrene and naphthalene molecules for sorption sites and decrease the competitive 
effect of naphthalene on the sorption of phenanthrene.  Moreover, the α values 
calculated for the HKB fractions were greater than those of the Soxhlet-extracted samples, 
also consistent with the conclusion of Chapter 4 that, after demineralization, more SOM 
surfaces are exposed for sorption of phenanthrene and naphthalene, exhibiting increased 
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competitive effect.   
The smallest α values calculated for HA cases indicated the least competitive 
effect o
d competitive sorption phenomena can be explained using the dual 
SOM d
5.5 Significance and Summary 
This study systematically investigated competitive effects of naphthalene at two 
differen
n this type of SOM.  This is consistent with the fact that sorption on humic acid 
may be dominated by a partition mechanism, which presumably exhibit little or no 
competitive effect. 
The observe
omain model described in Chapter 2.  As discussed in Chapter 4, the particulate 
black carbon and kerogen materials are hard carbon SOM domains.  Sorption on these 
hard carbon SOM domains is dominated by surface adsorption processes with limiting 
sorption capacity.  When two solutes exist in the system, sorption capacity for one 
organic solute must be decreased to accommodate the second solute because the total 
sorption “sites” on the domains are relatively constant.  This creates competition 
between the two solutes; one with higher concentrations and hence higher activities will 
preferentially be sorbed on the sorbents.  This is consistent with our observations that 
the competitive effect is the most significant when the primary solute is at the lower 
concentration ranges whereas the background solute is at the higher concentrations.     
 
 
t concentration levels on the equilibrium sorption of phenanthrene on 17 natural 
soil/sediment samples and the isolated SOM fractions.  The major findings of this study 
are summarized below.   
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1) Competitive effects of background naphthalene on the equilibrium sorption of 
2) o SOM fractions, HKB 
3) tion is that sorption on the 
4) ved for HA is consistent with the notion that 
e is competition for sorption on soils 
betwee
ntribution to the fundamental understanding of the 
competitive sorption on soils, this study has several environmental implications.  The 
phenanthrene were observed for all but the HA sorbents.   
The competitive effect was the most pronounced for the tw
and KB, which contain particulate black carbon and kerogen.  This indicates that 
the particulate SOM components are primarily responsible for the competitive 
sorption observed for the bulk soils and sediments.   
The possible mechanism for the observed competitive sorp
particulate SOM components follows a surface adsorption process that has limited 
sorption “sites” and hence the relatively constant sorption capacity for 
accommodating organic pollutants.   
Little or no competitive sorption obser
HA is relatively amorphous and sorption into HA may follow partitioning process 
which has no limitation on sorption capacity.   
The results of this study demonstrate that ther
n phenanthrene and naphthalene and that the observed competitive sorption is 
possibly dominated by the particulate SOM components, kerogen and black carbon.  
This is consistent with a hypothesis that the hard carbon SOM domain is primarily 
responsible for the observed competitive sorption of organic mixtures on soils.  It is the 
first time in the literature that this hypothesis was tested directly with the isolated SOM 
fractions (i.e., KB and HKB) that contain relatively less altered hard carbon materials 
(black carbon and kerogen).   
In addition to the co
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lowere
 
d sorption capacity of soils for mixed organic pollutants may indicate greater 
fractions of the pollutants in water phase, suggesting that mixed organic pollutants may 
be more reactive and bioavailable.  As a result, they may be more bioconcentrated in 
living organisms and possess greater risk to ecosystems.   
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CHAPTER 6 :  EFFECTS OF SOLUE LOADING SEQUENCE ON THE 
COMPETITIVE SORPTION BY SOIL 
 
This chapter further examines the competitive sorption of phenanthrene and 
naphthalene by soil.  In this study, solute-solute competition for sorption is examined 
over larger concentration ranges and using three different solute-loading sequences; i.e., i) 
phenanthrene was loaded after naphthalene sorption had attained equilibrium, ii) both 
phenanthrene and naphthalene were loaded simultaneously, and iii) naphthalene was 
loaded after phenanthrene sorption had attained equilibrium.  The results obtained are 
presented in 3-D graphs for illustrating changes of the solid phase concentration of the 
primary solute as a function of the aqueous phase concentrations of both primary and 
background solutes.  In this chapter, the rationale and the objectives of the study and the 
hypotheses to be tested are presented in the first section, followed by a summary of the 
experimental matrix.  The experimental results are presented graphically and are also 
summarized in tables.  The major features of the results are described and their 
implications for competitive sorption mechanisms are discussed.  A major finding of 
this study is that the observed competitive sorption is not only a function of 
concentrations of the two solutes in aqueous solution, but also depends upon the loading 
sequence of the solutes on the soil.  The discrepancy in the observed competitive 
sorption among different loading sequences cannot be readily predicted from the classic 
thermodynamics-based ideal adsorptive solution theory (IAST).  The results suggest that 
pore-filling of organic solutes within hard carbon SOM domains is an important 
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mechanism and that pore-blocking and solute entrapment within hard carbon SOM 
domains might cause the discrepancy in the observed competitive sorption among 
different loading sequences for the given bisolute systems involving the same soil. 
 
6.1 Rationale, Hypotheses, and Objectives  
 
In the literature and also in our prior study presented in Chapter 5, competitive 
sorption is often observed using a fixed initial concentration of the primary solute and 
multiple concentration levels of the background cosolute (Chiou and Kile, 1998) or a 
fixed initial concentration of the background cosolute and multiple concentration levels 
of the primary solute (Xing et al., 1996; Xing and Pignatello, 1998).  In this study, I 
used multiple concentration levels of both solutes for delineating the competitive sorption 
over broad ranges of concentrations for a given bisolute system and for a specific soil.  
The extent of the observed competitive sorption should provide insight information on 
sorption and competitive sorption mechanisms as well as desorbability of HOCs 
associated with a soil.   
It is intuitive that sorption of two different organic chemicals on soil/sediment 
aggregates may be different if the two chemicals are loaded in different sequences.  The 
results presented in Chapter 4 showed that the particulate kerogen and black carbon 
dominate the overall HOC sorption by soil/sediment samples.  It is likely that a primary 
organic chemical sorbed into the interior of kerogen/black carbon matrix may not be 
displaced as easily as the same chemical sorbed on the external surfaces if the secondary 
organic chemical is loaded after the primary chemical has been localized at the sorption 
sites; i.e., the secondary chemical is loaded after the primary chemical has attained 
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sorption equilibrium.  Within a microporous network, the internal surfaces may be 
partially inaccessible to the second chemical if the primary chemical localized at certain 
sites blocks the pores.  For a binary solute system, the competitive sorption measured 
for each solute may depend upon the loading sequence or history of contamination.  The 
second objective of this study is thus to conduct experiments for elucidating the effect of 
loading sequence on the observed competitive sorption phenomena.    
The competitive sorption tested in this study is also simulated using the ideal 
adsorption solution theory (IAST).  One of the assumptions underlying the IAST is that 
both solutes have equal spreading pressures on surfaces at equilibrium condition.  This 
assumption may not be true for sequential sorption of binary solutes on particulate SOM 
because of pore blocking by the organic chemical loaded firstly on the solid.  In this 
study, I specifically compared the experimental results to the IAST predictions.  The 
differences between the two approaches are attributed to a combination of 
non-competitive partitioning in soft carbon SOM domains and inaccessibility of the 
secondary solute in the pore structures in the hard carbon SOM domains due to blockage 
of the pores by the primary solute, which was loaded first to the sorbent.     
 
6.2 Approaches  
 
A topsoil collected from Chelsea, Michigan, was selected as the sorbent. 
Phenanthrene and naphthalene were selected as the tested HOC probes.  This study 
followed the sorption and desorption experimental methodologies detailed in Chapter 3.  
In brief, sorption equilibrium experiments were conducted at 22±0.5 ºC for 3 weeks using 
flame sealed glass ampules (10 mL) as the completely-mixed batch reactor (CMBR) 
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systems.  An experimental matrix consisted of one hundred CMBRs was divided into 
ten subsets, and each subset of CMBRs had one relatively constant initial aqueous 
concentration of the first solute but ten different initial concentrations of the second 
solute.  As a result, the experimental matrix involved ten replicate CMBRs for each 
level of phenanthrene concentrations and ten replicate CMBRs for naphthalene, but none 
of them was identical.  Three solutes loading procedures were employed, they included: 
Method I -- Naphthalene was loaded on the sorbent first and phenanthrene was loaded 
after naphthalene sorption had attained equilibrium; Method II -- Phenanthrene and 
naphthalene were loaded on the sorbent simultaneously; and Method III -- Phenanthrene 
was loaded on the sorbent first and naphthalene was loaded after phenanthrene sorption 
had attained equilibrium.  For all of the three loading methods, the sorbent amounts 
were calculated based on the prior experimental results to achieve about 40-60% of 
uptake of the total naphthalene introduced to each CMBR.  The first solute was 
introduced to each reactor by pouring initial aqueous solution at a given concentration.  
The second solute was introduced by spiking a designated amount of stock solution with 
known concentration of the target solute.  
The initial and equilibrium aqueous phase concentrations of phenanthrene and 
naphthalene were measured with HPLC and the solid phase concentrations of 
phenanthrene and naphthalene were calculated based on the mass balance of the solutes 
between two phases (see Chapter 3).   
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Table 6.1 Freundlich parameters of phenanthrene and naphthalene sorption and desorption of Method I and 
sorption-desorption hysteresis index (HI). 
Freundlich isotherm parameters of phenanthrene with different co-existing naphthalene concentrations (Method I) 
Sorption  Desorption HI 
Naph Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Naph Ce
(µg/L) n LogKF N R
2 5 µg/L 50 µg/L 500 µg/L
0           0.730 0.597 99 0.998 
20 0.739 (0.010)a 0.581 (0.019)b 10 0.999 6 0.748 (0.011) 0.634 (0.019) 9 0.999 0.14 0.17 0.19 
47 0.746 (0.009) 0.560 (0.017) 10 0.999 13 0.747 (0.009) 0.628 (0.016) 10 0.999 0.17 0.17 0.18 
96 0.772 (0.018) 0.505 (0.037) 9 0.996 26 0.765 (0.014) 0.590 (0.026) 9 0.998 0.20 0.18 0.16 
190 0.734 (0.009) 0.580 (0.017) 10 0.999 55 0.749 (0.004) 0.620 (0.008) 10 1.000 0.12 0.16 0.21 
330 0.747 (0.011) 0.530 (0.021) 10 0.998 118 0.733 (0.009) 0.648 (0.016) 10 0.999 0.29 0.25 0.21 
720 0.715 (0.013) 0.610 (0.025) 10 0.997 250 0.721 (0.010) 0.674 (0.018) 10 0.999 0.17 0.19 0.21 
1320 0.735 (0.024) 0.579 (0.045) 10 0.992 469 0.745 (0.020) 0.646 (0.036) 10 0.994 0.18 0.21 0.24 
2760 0.732 (0.015) 0.564 (0.029) 10 0.997 940 0.737 (0.006) 0.658 (0.010) 10 1.000 0.25 0.26 0.28 
5460 0.746 (0.016) 0.515 (0.031) 10 0.996 1970 0.727 (0.003) 0.653 (0.005) 10 1.000 0.33 0.28 0.22 
10360 0.747 (0.024) 0.515 (0.047) 10 0.992 3772 0.731 (0.010) 0.666 (0.018) 10 0.999 0.38 0.33 0.28 
Freundlich isotherm parameters of naphthalene with different co-existing phenanthrene concentrations (Method I) 
Sorption  Desorption HI 
Phen Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Phen Ce
(µg/L) n LogKF N R
2 50µg/L 500µg/L5000µg/L
0           0.758 -0.610 100 0.998 
3 0.815 (0.015) -0.821 (0.042) 9 0.998 3 0.799 (0.024) -0.612 (0.059) 9 0.994 0.52 0.46 0.41 
9 0.828 (0.015) -0.876 (0.043) 10 0.997 7 0.801 (0.024) -0.640 () 10 0.993 0.55 0.45 0.37 
18 0.844 (0.020) -0.956 (0.055) 10 0.996 13 0.814 (0.023) -0.710 (0.054) 10 0.994 0.57 0.46 0.37 
36 0.881 (0.018) -1.075 (0.049) 10 0.997 26 0.845 (0.029) -0.799 (0.068) 10 0.991 0.64 0.51 0.39 
66 0.911 (0.018) -1.194 (0.050) 10 0.997 48 0.868 (0.030) -0.882 (0.072) 10 0.990 0.73 0.57 0.42 
102 0.898 (0.012) -1.169 (0.035) 10 0.999 76 0.853 (0.024) -0.872 (0.058) 10 0.994 0.66 0.50 0.35 
163 0.906 (0.011) -1.222 (0.030) 10 0.999 123 0.892 (0.015) -0.999 (0.038) 10 0.998 0.58 0.53 0.48 
282 0.903 (0.016) -1.239 (0.045) 10 0.998 203 0.848 (0.036) -0.915 (0.085) 10 0.986 0.70 0.50 0.32 
384 0.935 (0.018) -1.348 (0.050) 10 0.997 287 0.898 (0.029) -1.060 (0.068) 10 0.992 0.68 0.54 0.41 
800 0.933 (0.018) -1.373 (0.052) 10 0.997 411 0.905 (0.040) -1.115 (0.095) 10 0.985 0.62 0.52 0.42 
Note: a one standard deviation, b one standard deviation 
 
 
 
127
 
Table 6.2 Freundlich parameters of phenanthrene and naphthalene sorption in Method II. 
Freundlich isotherm parameters of phenanthrene with different co-existing naphthalene concentrations (Method II) 
Sorption  Desorption HI 
Naph Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Naph Ce
(µg/L) n LogKF N R
2 5 µg/L 50 µg/L 500 µg/L
0           0.730 0.597 99 0.998 
15           0.741 (0.014) a 0.571 (0.024) b 10 0.997 - - - - - - - -
25 0.754 (0.012) 0.551 (0.022) 10 0.998 - - - - - - - - 
61 0.733 (0.011) 0.595 (0.019) 10 0.998 - - - - - - - - 
113 0.727 (0.006) 0.610 (0.010) 10 1.000 - - - - - - - - 
271 0.728 (0.006) 0.609 (0.011) 10 0.999 - - - - - - - - 
589 0.730 (0.006) 0.575 (0.011) 10 0.999 - - - - - - - - 
1110 0.731 (0.010) 0.555 (0.018) 10 0.999 - - - - - - - - 
2250 0.775 (0.008) 0.489 (0.014) 10 0.999 - - - - - - - - 
5833 0.772 (0.008) 0.498 (0.014) 10 0.999 - - - - - - - - 
11310 0.738 (0.020) 0.543 (0.036) 10 0.994 - - - - - - - - 
Freundlich isotherm parameters of naphthalene with different co-existing phenanthrene concentrations (Method II) 
Sorption  Desorption HI 
Phen Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Phen Ce
(µg/L) n LogKF N R
2 50µg/L 500µg/L5000µg/L
0           0.758 -0.610 100 0.998 
1          0.850 (0.010) -0.880 (0.028) 10 0.999 - - - - - - - -
6          0.873 (0.015) -0.957 (0.040) 10 0.998 - - - - - - - -
11           0.893 (0.012) -1.010 (0.033) 10 0.999 - - - - - - - -
18           0.909 (0.013) -1.065 (0.034) 10 0.999 - - - - - - - -
35           0.934 (0.012) -1.142 (0.032) 10 0.999 - - - - - - - -
63           0.945 (0.014) -1.190 (0.038) 10 0.998 - - - - - - - -
98           0.923 (0.017) -1.191 (0.047) 10 0.997 - - - - - - - -
168           0.935 (0.015) -1.233 (0.043) 10 0.998 - - - - - - - -
315           0.957 (0.015) -1.321 (0.041) 10 0.998 - - - - - - - -
555           0.969 (0.013) -1.372 (0.035) 10 0.999 - - - - - - - -
Note: a one standard deviation, b one standard deviation 
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Table 6.3 Freundlich parameters of phenanthrene and naphthalene sorption and desorption of Method III and 
sorption-desorption hysteresis index (HI). 
Freundlich isotherm parameters of phenanthrene with different co-existing naphthalene concentrations (Method III) 
Sorption  Desorption HI 
Naph Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Naph Ce
(µg/L) n LogKF N R
2 5 µg/L 50 µg/L 500 µg/L
0           0.730 0.597 99 0.998 
24 0.736 (0.011) a 0.591 (0.020) b 10 0.998 8 0.734 (0.010) 0.614 (0.017) 10 0.999 0.05 0.04 0.04 
47 0.730 (0.009) 0.599 (0.017) 10 0.999 16 0.723 (0.008) 0.643 (0.014) 10 0.999 0.09 0.08 0.06 
86 0.764 (0.007) 0.528 (0.014) 10 0.999 29 0.757 (0.008) 0.581 (0.015) 10 0.999 0.12 0.10 0.08 
174 0.784 (0.017) 0.487 (0.031) 10 0.996 62 0.763 (0.018) 0.568 (0.033) 10 0.995 0.17 0.11 0.06 
297 0.771 (0.007) 0.504 (0.013) 10 0.999 128 0.735 (0.009) 0.615 (0.016) 10 0.999 0.22 0.13 0.04 
699 0.787 (0.008) 0.457 (0.015) 10 0.999 280 0.728 (0.009) 0.633 (0.017) 10 0.999 0.37 0.20 0.05 
1328 0.812 (0.008) 0.385 (0.016) 10 0.999 517 0.724 (0.010) 0.638 (0.018) 10 0.999 0.55 0.27 0.03 
2724 0.844 (0.011) 0.306 (0.022) 10 0.999 1019 0.704 (0.009) 0.684 (0.016) 10 0.999 0.90 0.38 0.00 
5200 0.868 (0.009) 0.219 (0.018) 10 0.999 2062 0.671 (0.014) 0.750 (0.026) 10 0.997 1.47 0.57 0.00 
11002 0.905 (0.007) 0.092 (0.014) 10 1.000 4242 0.643 (0.015) 0.814 (0.028) 10 0.995 2.46 0.89 0.03 
Freundlich isotherm parameters of naphthalene with different co-existing phenanthrene concentrations (Method III) 
Sorption  Desorption HI 
Phen Ce
(µg/L) n 
LogKF 
((µg/g)/(µg/L)n) N  R
2 Phen Ce
(µg/L) n LogKF N R
2 50µg/L 500µg/L5000µg/L
0           0.758 -0.610 100 0.998 
5 0.858 (0.008) -0.969 (0.022) 10 0.999 2 0.885 (0.014) -0.946 (0.033) 10 0.998 0.17 0.24 0.32 
9 0.865 (0.008) -0.992 (0.022) 10 0.999 5 0.897 (0.013) -0.981 (0.031) 10 0.998 0.16 0.25 0.35 
17 0.886 (0.010) -1.076 (0.028) 10 0.999 11 0.924 (0.015) -1.081 (0.036) 10 0.998 0.15 0.26 0.37 
28 0.899 (0.010) -1.123 (0.028) 10 0.999 19 0.932 (0.015) -1.117 (0.037) 10 0.998 0.15 0.24 0.34 
49 0.908 (0.012) -1.169 (0.034) 10 0.999 36 0.952 (0.017) -1.182 (0.041) 10 0.998 0.15 0.28 0.41 
87 0.917 (0.010) -1.211 (0.028) 10 0.999 66 0.957 (0.021) -1.211 (0.051) 10 0.996 0.17 0.28 0.41 
148 0.935 (0.012) -1.283 (0.033) 10 0.999 123 0.974 (0.017) -1.270 (0.041) 10 0.998 0.20 0.31 0.43 
232 0.942 (0.010) -1.316 (0.030) 10 0.999 194 0.980 (0.015) -1.309 (0.036) 10 0.998 0.18 0.28 0.40 
422 0.966 (0.010) -1.417 (0.030) 10 0.999 352 0.973 (0.022) -1.322 (0.053) 10 0.996 0.28 0.30 0.32 
718 0.970 (0.012) -1.455 (0.035) 10 0.999 601 0.974 (0.015) -1.350 (0.036) 10 0.998 0.29 0.30 0.32 
Note: a one standard deviation, b one standard deviation 
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Table 6.4 TOC normalized Single-point distribution coefficient, KOC, of 
phenanthrene and naphthalene of three loading method experiments. 
Competitor KOC Competitor KOC
Naph Phenanthrene ( Ce µg/L) Phen Naphthalene ( Ce µg/L) 
Ce (µg/L) 6  65  645 Ce (µg/L) 159  1585  15850  
Method I 
0 45.15  23.74  12.78  0 1.33  0.76  0.44  
20 44.22 23.73 13.03 3 1.10 0.72 0.47 
47 42.66 23.32 13.03 9 1.03 0.69 0.47 
96 39.37 22.88 13.57 18 0.93 0.65 0.45 
190 43.69 23.18 12.59 36 0.85 0.65 0.49 
330 39.83 21.79 12.19 66 0.76 0.62 0.50 
720 45.28 22.95 11.93 102 0.75 0.59 0.47 
1320 43.74 23.27 12.67 163 0.69 0.56 0.45 
2760 41.93 22.14 11.97 282 0.65 0.52 0.42 
5460 38.43 20.96 11.69 384 0.60 0.52 0.44 
10360 38.52 21.10 11.82 800 0.56 0.48 0.41 
Method II 
15 43.33 23.35 12.88 1 1.14 0.81 0.57 
25 42.38 23.58 13.41 6 1.07 0.80 0.60 
61 45.13 23.88 12.93 11 1.05 0.82 0.64 
113 46.28 24.16 12.92 18 1.01 0.82 0.66 
271 46.21 24.19 12.97 35 0.96 0.82 0.71 
589 42.91 22.55 12.14 63 0.91 0.80 0.70 
1110 40.99 21.58 11.64 98 0.81 0.68 0.57 
2250 38.14 22.33 13.33 168 0.78 0.67 0.58 
5833 41.99 22.74 12.60 315 0.71 0.64 0.58 
11310 40.45 21.67 11.88 555 0.67 0.62 0.58 
Method III 
24 44.99 24.00 13.10 5 0.97 0.70 0.50 
47 45.34 23.81 12.81 9 0.95 0.70 0.51 
86 40.97 23.36 13.60 17 0.87 0.67 0.51 
174 38.55 23.02 14.02 28 0.84 0.66 0.53 
297 39.15 22.66 13.38 49 0.79 0.64 0.52 
699 36.17 21.75 13.32 87 0.75 0.62 0.51 
1328 32.07 20.50 13.32 148 0.70 0.60 0.52 
2724 28.35 19.55 13.67 232 0.67 0.59 0.51 
5700 24.21 17.69 13.08 422 0.60 0.55 0.51 
11002 19.29 15.38 12.36 718 0.56 0.52 0.49 
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6.3 Results   
 
6.3.1 Sorption Isotherms  
 
The total of 100 sorption equilibrium data points obtained from each of the three 
laboratory procedures were grouped into 10 sorption isotherms for phenanthrene, each 
having relatively constant concentrations of naphthalene.  The same 100 data points 
were also regrouped into 10 sorption isotherms for naphthalene, each having relatively 
constant concentration of phenanthrene.  Each sorption isotherm data set was then fit to 
the linearized Freundlich equation (Equation 3.6).   
e Flog log logq K n= + eC             (3.6) 
The sorption-desorption hysteresis index was calculated using the follow equation 
(Huang, 1997):  
Hysteresis Index (HI) 
e
d s
e e
s
e ,T C
q q
q
−=          (6.1) 
where  and  are solid-phase solute concentrations for the single-cycle sorption 
and desorption experiments, respectively, and the subscripts T and Ce specify constant 
conditions of temperature and residual solution phase concentration, respectively.  The 
HI is believed to relate with the degree of SOM diagenetic alteration, and decreases as a 
function of the O/C atomic ratio of SOM (Hunter et al., 1996; Pignatello and Xing, 1996; 
Huang and Weber, 1997a; Huang et al., 1998; Ran et al., 2002; Gunasekara and Xing, 
2003).  
S
eq
d
eq
The resulting isotherm parameters are listed in Tables 6.1-6.3 and the isotherms 
are graphically presented in Figures 6.1, 6.3, and 6.5 for naphthalene as the primary 
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solute and in figures 6.2, 6.4 and 6.6 for phenanthrene as the primary solute.  The fit 
Freundlich parameters, n and logKF, of phenanthrene and naphthalene with the three 
different loading methods varied with the corresponding background solute 
concentrations are plotted in Figures 6.7-6.10.  The figures show that phenanthrene and 
naphthalene sorption equilibria are highly depend upon the background solute 
concentrations (Figures 6.5 and 6.6) indicating strong competition for sorption between 
the two sorbates.   
The major feature of the data shown in Figures 6.1-6.6 and Tables 6.1-6.3 is that 
the naphthalene sorption equilibria measured with all three methods are strongly affected 
in the presence of phenanthrene whereas the phenanthrene sorption equilibria are affected 
dramatically only in Method III.  The general features are summarized in Table 5.4, and 
detailed trends are described below.  
Figures 6.1, 6.3, and 6.5 show that naphthalene competitive sorption isotherms in 
the presence of phenanthrene deviate significantly from the naphthalene single solute 
sorption isotherm measured with all three loading methods.  The n values of 
naphthalene sorption isotherms measured with Method I increased from 0.82 to 0.93 and 
the values of logKF decreased from -0.82 to -1.37 as background phenanthrene 
concentrations increased from about 3 to about 800 µg/L (Table 6.1, Figures 6.7, and 6.9).  
The n values of naphthalene sorption isotherms measured with Method II increased from 
0.85 to 0.97 and logKF values decreased from -0.88 to -1.37 as the background 
phenanthrene concentrations increased from about 1 to about 555 µg/L (Table 6.2, 
Figures 6.7, and 6.9).  The n values of naphthalene sorption isotherms measured with 
Method III increased from 0.86 to 0.97 and logKF values decreased from -0.97 to -1.46 as 
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the background phenanthrene concentrations increased from about 5 to about 718 µg/L 
(Table 6.3, Figures 6.7, and 6.9).  The competitive effect of phenanthrene on 
naphthalene sorption is also well reflected by the calculated KOC values.  According to 
Table 5.4, the single point naphthalene KOC values obtained for the three different 
experimental methods decreased as a function of the background phenanthrene 
concentration.   
Figures 6.2, 6.4, and 6.6 show very different competitive effects of naphthalene 
on the phenanthrene sorption equilibria measured with three different experimental 
methods.  Figure 6.2 shows that naphthalene has little or no competitive effect on the 
phenanthrene sorption isotherms measured with Method I.  The linearity parameter, n, 
of the phenanthrene sorption isotherms measured with Method I fall in a narrow range of 
0.73 - 0.77, which is equal to or slightly greater than that (0.73) of the phenanthrene 
sorption isotherm measured in the absence of naphthalene.  The log KF values of the 
phenanthrene sorption isotherms measured with Method I also fall in a narrow range of 
0.51 - 0.61, which is equal to or slightly smaller than that (0.60) of the phenanthrene 
sorption isotherm measured in the absence of naphthalene.  In Method II, the 
competitive effect of naphthalene on phenanthrene sorption is measurable, but no trend 
can be identified (Figure 6.4).  However, dramatic competitive effect of naphthalene on 
phenanthrene sorption is found in Method III.  As shown in Figure 6.6, the 
phenanthrene sorption isotherms deviate markedly from its single solute sorption 
isotherm.  The n values of the phenanthrene sorption isotherms increased from 0.73 to 
0.91 and logKF values decreased from 0.60 to 0.1 as the background concentration of 
naphthalene increased from ~24 to ~11002 µg/L (Table 6.3, Figures 6.8 and 6.10).  
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Similarly, the phenanthrene KOC value of Method I and II has little or no change in the 
presence of naphthalene whereas in Method III it decreases accordingly as the 
background naphthalene concentration increases.  The observed different competitive 
effect of naphthalene on the phenanthrene sorption isotherms is apparently related to the 
loading sequence of the two solutes on the soil.  As discussed below, we attributed this 
difference to the different roles of the two solutes in pore blocking due to the difference 
of their molecular sizes.   
 
6.3.2 Presentation of Bisolute Sorption Equilibria in 3-D Coordination  
 
As summarized above, the measured solid phase concentration of one solute 
changes variously as a function of the aqueous phase concentrations of both solutes due 
to the competitive effect.  Such effect can be best delineated in a three-dimensional 
coordination.  Figures 6.11-6.16 are the 3-D plots of the bi-solute sorption equilibria 
generated using Sigmaplot 2001 (version 7.0; SPSS Inc.).  In each figure, the filled 
circles are experimentally measured data and the contour surface is the best fit of the qe 
data of the target solute as a function of Ce of both solutes.  Different levels of Ce are 
shaded in different colors.   
It is apparent that the contour surface presented in each figure is not a simple flat 
plane.  It rather looks like a slightly convex surface.  This is because the measured 
sorption isotherms are nonlinear with the nonlinearity changing as a function of the 
background solute concentration.  As summarized above, the figures very clearly 
disclose the changes of the sorption capacity and isotherm nonlinearity of a given sorbate 
as a function of the background solute.    
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Figure 6.1 Naphthalene sorption isotherms measured at different background 
phenanthrene concentrations with Method I.  
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Figure 6.2 Phenanthrene sorption isotherms measured at different background 
naphthalene concentrations with Method I. 
 
 
 
135
1
10
100
10 100 1000 10000
Method II
Phen & Naph loaded simultaneously
q  
e
µg/g
(Naph)
C ,  µg/L (Naph)
Phen 
Increases
oC
Phen     = 0
e
oC
Figure 6.3 Naphthalene sorption isotherms measured at different background 
phenanthrene concentrations with Method II. 
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Figure 6.4 Phenanthrene sorption isotherms measured at different background 
naphthalene concentrations using Method II. 
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Figure 6.5 Naphthalene sorption isotherms measured at different background 
phenanthrene concentrations using Method III. 
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Figure 6.6 Phenanthrene sorption isotherms measured at different background 
naphthalene concentrations with Method III. 
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Figure 6.7 Variations in isotherm nonlinearity n for naphthalene at different 
background phenanthrene concentrations. 
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Figure 6.8 Variations in isotherm nonlinearity n for phenanthrene at different 
background naphthalene concentrations. 
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Figure 6.9 Variations in sorption capacity parameter logKF of naphthalene at different 
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Figure 6.10 Variations in sorption capacity parameter logKF of phenanthrene at different 
background naphthalene concentrations. 
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Figure 6.11 Naphthalene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method I.   
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Figure 6.12 Phenanthrene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method I.   
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Figure 6.13 Naphthalene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method II.   
 
 
 
 
 
142
 
 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
1.5
2.0
2.5
3.0
3.5
4.0
0.0
0.5
1.0
1.5
2.0
2.5
Ph
en
 L
og
q e
 µ g
/g
Na
ph
 L
og
C e
 pp
b
Phen LogCe ppb
Phenanthrene Sorption Surface of Method II
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
Data Point
 
Figure 6.14 Phenanthrene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method II.   
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Figure 6.15 Naphthalene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method III.   
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Figure 6.16 Phenanthrene sorption surface in phenanthrene-naphthalene bi-solute 
competitive sorption by Chelsea soil sample with loading method III.   
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6.3.3 IAST Simulation 
 
The bisolute sorption equilibrium data for phenanthrene and naphthalene are also 
simulated with the IAST using Equations 6.2-6.5 which are exactly the same as 
Equations 2.24-2.27.   
Naph
1
B,M B,M B,M
e,Naph Phen e,Naph Naph e,PhenB,M
e,Naph B,M B,M S,M
e,Naph e,Phen Phen F,Naph
nq n q n q
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟        (6.2) 
Phen
1
B,M B,MB,M
Phen e,Naph Naph e,Phene,PhenB,M
e,Phen B,M B,M S,M
e,Naph e,Phen Naph F,Phen
nn q n qq
C
q q n K
⎛ ⎞+= ⎜⎜+ ⎝ ⎠
⎟⎟        (6.3) 
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B,M B,M B,M
e,Naph Phen e,Naph Naph e,PhenB,M B,MReactor
e,Naph 0,Naph B,M B,M S,M
Sorbent e,Naph e,Phen Phen F,Naph
nq n q n qVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜⎢ ⎥⎜+ ⎝ ⎠⎢ ⎥⎣ ⎦
⎟⎟    (6.4) 
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1
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Phen e,Naph Naph e,Phene,PhenB,M B,MReactor
e,Phen 0,Phen B,M B,M S,M
Sorbent e,Naph e,Phen Naph F,Phen
nn q n qqVq C
M q q n K
⎡ ⎤⎛ ⎞+⎢ ⎥= − ⎜⎢ ⎥⎜+ ⎝ ⎠⎢ ⎥⎣ ⎦
⎟⎟    (6.5) 
 
where the superscript notes, B, S, and M refer to bisolute, single solute, and molar 
concentrations; the subscripts Phen, Naph, e, and 0 refer to phenanthrene, naphthalene, 
equilibrium condition, and initial condition, respectively.  Ce, qe, KF and n are defined 
previously in this proposal, but the units of the first three terms are in mol/L, mol/g, 　 　
and (µmol/g)/(µmol/L)n, respectively; VReactor, and MSorbent are the volume (L) of the 
aqueous phase and the mass (g) of the sorbent, respectively, in each CMBR. 
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“Solver”, the add-in function of Excel 2002 (Microsoft Co.), was used for finding 
the Ce and qe of both solutes for each reactor system.  The values of C0, VReactor, and 
MSorbent and the isotherm parameters (nPhen, nNaph, KF,Phen, and KF,Naph) measured 
independently for each single solute system were input as the knowns and an unique pair 
of values of  and  were found to satisfy both Equations 6.4 and 6.5.  The 
sought values of  and  were entered to Equations 6.2 and 6.3 for computing 
 and .  This procedure was repeated for each of the 100 reactor systems, 
yielding a matrix of , , , and  for the binary solute sorption 
system.  Figures 6.17-6.20 present the IAST predicted isotherms of the binary solute 
systems at the highest and lowest concentrations of the given background co-solute.  In 
each of these figures, the single solute sorption isotherm and the bisolute sorption 
equilibrium data experimentally measured with three different loading methods are also 
presented for comparison.   
B,M
e,Naphq
B,M
e,Phenq
B,M
e,Naphq
B,M
e,Phenq
B,M
e,NaphC
B,M
e,PhenC
B,M
e,NaphC
B,M
e,Naphq
B,M
e,PhenC
B,M
e,Phenq
According to the data presented in Figures 6.17-6.20, the IAST predictions appear 
to be generally consistent with the experimentally measured bisolute sorption equilibria 
when the background concentrations are at lower levels (Figures 6.18 and 6.20).  
However the IAST does not adequately predict the competitive sorption when the 
background concentrations are at high levels.  Figure 6.17 shows that the IAST cannot 
accurately predict the naphthalene sorption behavior when the background phenanthrene 
concentrations are at higher levels (600~700 µg/L).  Figure 6.19 shows that the IAST 
also fails to predict phenanthrene sorption behavior when the background naphthalene 
concentrations at higher levels (10,000~11,000 µg/L).    
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As summarized above, the competitive effect appears to be dependent upon the 
loading sequence of the two solutes.  This history-dependent competitive effect cannot 
be predicted by IAST because IAST assumes that sorption of each solute on the sorbent is 
completely reversible and can be displaced readily by a second solute introduced to the 
system.   
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Figure 6.17 Naphthalene sorption isotherms measured at the highest background 
phenanthrene concentration with the three different methods. 
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Figure 6.18 Naphthalene sorption isotherms measured at the lowest background 
phenanthrene concentration with the three different methods. 
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Figure 6.19 Phenanthrene sorption isotherms measured at the highest background 
naphthalene concentration with three different methods. 
10
100
10 100 1000
q  
e
µg/g
(Phen)
C ,  µg/L (Phen)e
Method III
Method I
Method II
Naph     = 0oC
Naph     = 15~20 µg/LeC
IAST Prediction
Figure 6.20 Phenanthrene sorption isotherms measured at the lowest background 
naphthalene concentration with the three different methods. 
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Figure 6.21 IAST-predicted naphthalene isotherm nonlinearity n at different background 
phenanthrene concentrations.   
Figure 6.22 IAST-predicted phenanthrene isotherm nonlinearity n at different 
background naphthalene concentrations.   
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Table 6.5 Summary of the competitive sorption between phenanthrene and naphthalene with three different loading 
methods 
Major observations 
 Loading Sequence 
  Primary sorbate hthalene 
Background Solute nanthrene 
  Primary sorbate:  Phenanthrene 
Background Solute:  Naphthalene 
:  Nap
:  Phe
Method I 
Phenanthrene was loaded 
after naphthalene had 
attained sorption 
equilibrium 
n value increases 
phase concentration incr
logKF value decreased as nanthrene 
solution phase concentra eases 
HI value increase slightl phenanthrene 
solution phase concentra reases 
HI values are larger than responding 
ones in Method III 
no measurable competitive sorption effect was 
observed 
 
HI value increases slightly as the naphthalene 
solution phase concentration increases 
as the phenanthrene solution 
eases 
 the phe
tion incr
y as the 
tion inc
 the cor
Method II 
Phenanthrene and 
naphthalene were loaded 
simultaneously 
n value increases 
phase concentration increas
logKF value decreased as the phenanthrene 
solution phase concentrati
no measurable competitive sorption effect was 
observed 
 
as the phenanthrene solution 
es 
on increases 
Method III 
Naphthalene was loaded 
after phenanthrene had 
attained sorption 
equilibrium  
n value increases 
phase concentration increas
logKF value decreased as the phenanthrene 
solution phase concentrati
HI value increase slightly as the phenanthrene 
solution phase concentrati
HI values are smaller than the corresponding 
ones in Method I 
n value increase as the naphthalene solution 
phase concentration increases 
logKF value decreases as the naphthalene 
solution phase concentration increases 
 value increase significantly as the 
phthalene solution phase concentration 
increases 
as the phenanthrene solution 
es 
on increases 
on increases HI
na
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6.4 Discussion 
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to both phenanthrene and naphthalene.  It should be noted that our experiments were 
designed according to 40~60% uptake of naphthalene.  At the same sorbent-to-solution 
0%.  Under this circumstance, a 
small change of phenanthrene concentration in the solid phase can result in a dramatic 
change
ratio, uptake of phenanthrene by the solid exceeded 9
 of phenanthrene concentration in the coexisting solution phase.  In other words, 
the extra naphthalene excluded from the smaller pores due to blocking by phenanthrene 
can cause a small change of solid phase phenanthrene concentration, which is translated 
into a large change in the solution phase phenanthrene concentration.   
A similar mechanism was also proposed by Xing and Pignatello (1998).  These 
authors measured equilibrium sorption of 1,3-DCB and 2,4-DCP in the presence of 
natural aromatic acids on two soils.  They found that aromatic acids may occupy and 
block adsorption sites in SOM, causing competition between the test solute pairs.  They 
suggested that pore-filling is the most important mechanism in their observed competitive 
sorption phenomena.  Similarly, two additional studies (Kan et al., 1997; Kan et al., 
1998) also found that an “irreversible compartment” exists in natural and surrogate 
sediments.  The authors concluded that the hysteretic desorption phenomenon may 
result from the occlusion of chemicals by cooperative conformational changes of the 
organic matter during adsorption process or due to physical rearrangement of the natural 
organic matter matrix.  The conformational or physical rearrangement of the soil in the 
presence of adsorbed chemicals could cause the chemical environment of the adsorbate to 
be different and hence be the source of the irreversibility.  The pore-filling mechanism 
was also found in the competitive sorption study by Li and Werth (2001), who tested 
TCE and PCE bisolute competitive sorption by several natural and synthetic sorbents 
 
 
 
154
with different hydrophobicities and different sizes of micropores.  They observed 
competitive sorption in natural solids with high contents of recalcitrant organic carbon, 
glassy organic polymer, and zeolites with highly and moderately hydrophobic micropores 
of large (7.5 – 10 Å) and small pore widths (~5.4 Å), respectively.  They concluded that 
competitive sorption effects were controlled by hydrophobic micropores of SOM matrix.  
It should be noted that, only in Method III, phenanthrene sorption equilibrium is 
significantly affected in the presence of naphthalene (Table 6.5), whereas in Method I and 
II there is no measurable influence of naphthalene on the sorption of phenanthrene.  It is 
likely 
 
 
because in Method I naphthalene, the first sorbate loaded into SOM matrix can 
occupy the pores of sizes of 7.5 – 10 Å.  When phenanthrene is loaded later, 
naphthalene sorbed into those pores should not be affected.  The competition of 
naphthalene should decrease the sorption capacity and sorption isotherm nonlinearity of 
phenanthrene, but the secondary adsorption sites generated by naphthalene molecules 
will counteract those competitive effects.  Figure 6.2 shows that phenanthrene 
concentrations in the solid phase even increase as background naphthalene concentration 
increases.  In the case of Method II, phenanthrene and naphthalene were loaded 
simultaneously, but naphthalene may enter these smaller micropores earlier because 
naphthalene molecule has a greater diffusion coefficient than phenanthrene due to the 
difference in molecular sizes and molecular weights.  Therefore, the observed 
competitive phenomenon is very similar to that of Method I.   
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6.5 Summary 
 
This study systematically investigated competitive sorption between phenanthrene 
and naphthalene on a topsoil using three different solute loading sequences.  I observed 
that the competitive effect was a function of the concentrations of both solutes and that 
differen
petitive sorption 
between phenanthrene and naphthalene.  Pore blocking due to different loading 
sequences may be an important factor causing the differences of the observed 
competitive effect among three different methods.  Inaccessibility of a fraction of 
t loading sequence of the two solutes had strong impact on the observed 
competitive sorption.  Summarized below are the major observations and conclusions 
made from this study. 
1) The measured sorption equilibria of one solute in the presence of a background solute 
changed as a function of the aqueous phase concentrations of both solutes.  The 
sorption equilibria can be described using a 3-D contour surface.  This contour 
surface is not a simple flat plane.  It rather looks like a slightly convex surface 
because the measured sorption isotherms are nonlinear with the nonlinearity 
changing as a function of the background solute concentration.   
2) The equilibrium sorption of naphthalene was strongly affected by the cosolute 
phenanthrene, and the magnitude of the competitive sorption was equally significant 
in all three loading sequences.  However, the equilibrium sorption of phenanthrene 
was only affected by naphthalene when naphthalene was loaded after the sorption of 
phenanthrene had attained equilibrium.  
3) The thermodynamics-based IAST can not adequately predict the com
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pores due to pore blocking may violate the major assumptions of IAST. 
4) The competitive sorption equilibria of phenanthrene were significantly different from 
those of naphthalene, suggesting that molecular sizes may play a major role in the 
overall competitive sorption phenomena.   
ferent sequences are innovative.  As discussed above, the 
information obtained with my experimental procedures not only presents a thorough 
description of the sorption equilibria for a bisolute system, but also provides insight to the 
mechanisms of the sorption process.   
The observed competitive sorption between the two solutes has various 
environmental implications.  It is apparent that, due to the competitive effect, sorption 
capacities of individual organic pollutants are lower in mixture systems than in the single 
pollutant systems.  Since mixtures of organic pollutants are commonly found in surface 
less
mov
are 
poll
sorp
less
To my knowledge, no prior study has reported competitive sorption as detailed as this 
study.  The experimental methods of using 10 by 10 reactor matrix and loading of the 
bisolute in three dif
aquatic systems and contaminated sites, transport of organic mixtures should be relatively 
 retarded.  The retardation factors widely used for estimating the speed of pollutant 
ement in aquifer systems are possibly greater when single solute sorption parameters 
used.  Meanwhile, the fact that the sorption isotherms of individual organic 
utants become less nonlinear in the presence of relatively high background organic 
solutes may actually make it possible to use the linear sorption model for describing 
tion of organic mixtures by soils.  If so, the much-debated nonlinearity issue may be 
 important in reality.   
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CHAPTER 7 :  CONCLUSIONS AND RECOMMENDATIONS 
 
 sediments.  The experiments were carefully 
des
late kerogen and black carbon, the major constituents of the 
“hard carbon” SOM, appeared to dominate the overall sorption by the bulk soil and 
The overarching goal of this dissertation was to investigate the effects of soil 
organic matter (SOM) heterogeneity on the equilibrium sorption of hydrophobic organic 
contaminants (HOCs) in aquatic environments.  I designed and completed a 
comprehensive experimental study specifically to examine the differential roles of 
different types of SOM components the overall equilibrium sorption of single HOC and 
HOC mixtures by the bulk soils and
igned in this study to test the equilibrium sorption using batch systems operated in 
different conditions and using phenanthrene and naphthalene as the HOC probes.  A 
total of 28 different samples were used as the sorbents including five original soils and 
sediments and different SOM fractions (HKB, KB, HA, and BC) isolated from the 
soil/sediment samples.   
The work summarized in this dissertation represents significant advancement in 
the fundamental understanding of the sorption of single HOC and HOC mixture by soils 
and sediments.  My study indicates that the equilibrium sorption of phenanthrene and 
naphthalene by soil/sediment samples and the isolated SOM fractions exhibited various 
nonlinear sorption isotherms, which could be best delineated by the Freundlich sorption 
equation.  Due to the high contents in the tested soil/sediment samples and the 
hydrophobic nature, particu
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sediment samples.  Humic acid, on the other hand, played an insignificant role in the 
overall HOC sorption because of its low content and relatively less hydrophobicity.  
Kerogen, ortant as 
the black carbon material, suggesting that the role of black carbon in the nonlinear 
sorption may have been over emphasized in the literature due to the quantitative method 
adapted for black carbon in the prior studies.  The fact that the sorption capacities of the 
HKB and KB fractions exceed those of their respective original soil samples suggest that, 
when associated with the soils and sediments, particulate SOM becomes less sorptive for 
HOCs because its surfaces partially encapsulated with organic and inorganic impurities 
may be not fully accessible to HOC molecules.  This suggests that, if the sorption 
capacity of the isolated SOM represents the ultimate HOC sorption capacity for a soil or 
sediment, the sorption measured for bulk soil in the laboratory may vary from a true 
equilibrium state.   
f background naphthalene for all the sorbent tested.  The 
solute-solute competition was the most remarkable for the particulate SOM fractions, 
HKB and KB, indicating that the particulate SOM components were the major 
components responsible for the strong competitive sorption observed for the bulk soils 
and sediments.  Our mechanistic explanation is that the sorption on the particulate 
kerogen and black carbon materials may be dominated by “sites-limiting” surface 
adsorption in which coexisting solutes have to compete for sorption sites that are limited 
by available external and internal surface areas.  HA fractions exhibited little 
competitive effect of the background naphthalene on phenanthrene equilibrium sorption, 
which has drawn little attention in the literature, may be equally imp
In this study, the competitive effect was observed in the phenanthrene sorption at 
different concentrations o
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suggesting that the HA tested in this study was relatively rubbery.   
The measured sorption equilibria of one solute in the presence of a background 
solute changed as a function of the aqueous phase concentrations of both solutes and can 
be described using a 3-D contour surface.  This contour surface was not a simple flat 
plane; it rather looked like a slightly convex surface because the measured sorption 
isotherms are nonlinear with the nonlinearity changed as a function of the background 
solute concentration.  The observed competitive sorption between phenanthrene and 
naphthalene appears to be different among the three different solute loading methods. 
Such difference was likely due to the presence of “hard carbon” SOM domains in the 
tested soil.  It is possible that the porous and relatively rigid “hard carbon” SOM 
domains may exhibit different sorption properties for phenanthrene and naphthalene 
when they were loaded in different sequences.  Pores of smaller sizes may be blocked 
by a larger HOC solu
 
te such as phenanthrene loaded earlier, and become inaccessible to 
smaller
 
Through this study, I found that several areas may be needed for extending this 
work and further advancement of the fundamental understanding of pollutant-soil 
 HOC solute such as naphthalene, which was loaded later.   
The thermodynamics-based IAST cannot adequately predict the competitive 
sorption between phenanthrene and naphthalene.  Pore blocking and pore deformation 
due to different solute loading sequences may be the important factors causing the 
differences of the observed competitive effect among three different methods. 
Inaccessibility of a fraction of pores due to pore blocking and the increased adsorption 
capacity due to pore deformation may have violated the major assumptions of IAST and 
hence cause failure of IAST predictions.   
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interactions.  In this study, the isolated black carbon fractions had undergone various 
chemic
 
 three or even more 
sorbates for better understanding of the competitive sorption among mixed organic 
contaminants by soils and sediments.  The results may be even closer to the reality of 
the natural environmental systems.    
 
 
al modifications during the isolation processes using the wet chemical oxidation 
method.  Alternative methods for physically separating the black carbon from soil with 
little no alteration on its surface properties are desired.  If unaltered black carbon 
components are obtained, further studies of equilibrium sorption of single solute and 
binary solutes can be performed to better characterize the sorption behavior of the 
unaltered black carbon associated with soils and to precisely quantify its contribution to 
the overall sorption by bulk soil.  In this study, I have found that the molecular size of 
that sorbate may play an important role in the competitive sorption by a bulk soil.  In the 
context of my hypothesized mechanism, it is necessary to investigate the competitive 
sorption using two HOC probes with the same molecular sizes such as o-xylene vs. 
p-xylene.  The results may indicate little difference among different loading methods. 
Meanwhile, I only examined bi-solute competitive sorption in this study.  It is natural to 
extend my study to investigation of competitive sorption involving
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Appendix A  THE CHARACTERIZATIONS OF THE ISOLATED SOM 
FRACTIONS 
 
iffraction (XRD) X-ray D
l 
species to estimate the 
 
was set ku 
ration of the SOM 
fractions were examined under an optical microscopy (Leitz MPV-3) in three different 
modes: transmitted, reflected, and fluorescent; the latter was induced by blue excitation 
(546 nm).  The SOM thin sections used for examinations in transmitted modes were 
prepared by evenly spreading SOM powders on glass slides, which were then cemented 
with glycerol and covered with cover glass.  The polished sections used for reflected 
and fluorescent modes were prepared by spreading SOM powers on porcelain slides and 
cementing the powders with low-fluorescence 502 mucilage glue.  The slides were then 
thin-sectioned and polished. 
The major observations and representative organic facies were showed in (Figure 
A standard powder X-ray diffraction method was used to determine the minera
 that were not removed during the demineralization process and 
interplanar spacing of aromatic sheets of organic matrices.  The X-ray diffractometer
 up with Cu target, Ni filtering and a radiation wavelength of 1.5405 Å (Riga
D/MAX-1200).   
 
Organic Petrographic Examination  
The organic facies and the shapes, sizes, degree of matu
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A.1).  In brief, humic acids, kerogen, and BC were identified based on the 
characteristics observed under the petrographic microscope in transmitted, reflected, and 
fluorescent modes. HAs in both HA (Figure A.1 g, h) and HA-containing HKB fractions 
(Figure A.1 a) were characterized by low reflectance and soft/smooth texture under the 
reflecting microscope; yellowish, brownish, or dark brown colored and transparent to 
semitransparent and to opague under the transmitting microscope; and not fluorescent 
under f
ave higher reflectance.  Under the transmitting microscope, the 
transparency of an SOM particle is inversely related to its maturation or condensation.  
 intensity and color spectrum of the visible light 
emitted by SOM in response to the
spores and pollens (Figure A.1), brown-colored resinite, and colorless fusinite and humic 
microscopy, but they exhibit more fluorescence than the HKB because they do not 
the isolated HKB, KB, and BC samples, but the numbers of the particles are comparably 
kely because the much smaller minerals are 
attached to organic particles, as shown under SEM. Plant debris is found occasionally 
luorescence microscope.  Contrary to the HAs, the features of kerogen and BC in 
the isolated SOM fractions under the microscope of the three different modes depending 
upon their origins, types of macerals, and maturation (Durand, 1980; Engel and Macko, 
1993).  Under the reflecting microscope, more matured and condensed SOM particles 
are brighter and h
Under the fluorescence microscopy, the
 excitation can be used as criteria for identification of 
different SOM facies.  It was observed that the HKB fractions consist of yellow-colored 
materials.  The KB fractions are very similar to the HKB under the fluorescence 
contain nonfluorescent humic acids.  The BC fractions are colorless under fluorescence 
microscopy, suggesting that they are highly matured. Mineral particles were found in all 
low despite the relatively high ash contents li
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under the transmitting microscope but not identifiable at all under the reflecting and 
fluorescent microscopes. The low content of mineral phases and very low content of plant 
debris in the HKB, KB, and BC fractions agree with direct particle counting under 
binocular. 
 
Scanning Electron Microscopy (SEM) 
The shapes, sizes and morphology of SOM particles of different fractions were 
examined using an SEM (Hitachi S-3500N SEM with Oxford Link ISIS 300 EDS 
(energy dispersive X-ray spectrometer)).  Figure A.2 presents 12 SEM images of the 
isolated organic particulate materials.  It is clear from the images that BC particles 
(Figure A.2 a-d, f, l) have unique porous structures generated from incomplete oxidation 
of the parental materials (e.g., coal or biomass) during combustion processes. Holes 
having diameters of several microns were likely formed after oxidation of volatile 
moieties on the original organic matrices.  A close examination showed that two types 
of BC particles can be distinguished.  One type has elongate/layered structures (Figure 
A.2 a, c, e), suggesting its possible derivation from incomplete burning of plant or coal 
materials.  The other has irregular or spheroidal shapes with smooth and homogeneous 
surfaces (Figure A.2 b, d, f, l), indicating its origination from oil or coal burning 
processes (Griffin and Goldberg, 1981; Karls and Christensen, 1998).  Kerogen can be 
easily distinguished in the KB fractions by their smooth, nonporous surfaces, but it is not 
readily differentiated from BC in the images of the HKB fractions likely due to the 
coating of humic acids on both materials. 
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13C-Nuclear Magnetic Resonance (NMR) Spectroscopy   
13 13
The functionalities of the isolated SOM fractions were determined using 
C-NMR.  The solid-state C-NMR spectra were obtained using Bruker MSL-300 on a 
7.5-mm probe at 75.47 MHz carbon frequency with a cross-polarization/magic angle 
spinning (CP/MAS).  The signals were recorded on 1.5 ms cross-polarization contact 
time and approximately 1000 data points are obtained for each sample.  The time period 
of sign
 
 five BC samples have four resonance peaks 
representing aliphatic, carbohydrate, alkyl-substituted aromatic, and carboxylic carbons; 
al acquisition for a given sample varied from sample to sample in the range of 1 to 
10 h.  
The 13C NMR spectra of the HKB, KB, HA, and BC fractions were shown in 
Figure A.3 for SS RS, PS, and MS, respectively.  The 13C NMR spectra of the four 
isolated BC samples and the modern BC sample were shown in Figure A.4.  Seven 
resonance peaks identified were assigned as alkyl or aliphatic carbons at ~30 ppm, 
methoxyl carbons at ~55 ppm, carbohydrate carbons ~73 ppm, alkyl-substituted aromatic 
carbons at ~126 ppm, oxygen-substituted aromatic or phenolic carbons at ~148 ppm, 
carboxylic carbons at ~172 ppm, and carbonyl carbons at ~220 ppm ((Wilson, 1987)). 
In general, both HKB and HA fractions have at least six major resonance peaks 
representing aliphatic, methoxyl, carbohydrate, alkyl-substituted aromatic, 
oxygen-substituted aromatic/phenolic, and carboxylic carbons, but the HA fractions have 
relatively larger contents of methoxyl and carboxylic carbons.  The KB fractions have 
five resonance peaks representing aliphatic, methoxyl, carbohydrate, alkyl-substituted 
aromatic, and carboxylic carbons, among which the methoxyl carbon has the smallest 
peak area.  According to Figure A.4, all
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the former two peaks have much smaller areas than the latter two.  The presence of 
carbohydrate carbon in all SOM fractions suggested that they were originated at least 
partially from biomass such as lignin and that a fraction of such biomass might have 
survived in our isolation procedure.  Humic acids are known to derive from biopolymers 
via complex biogeochemical transformation and can incorporate segments of the parental 
biopolymers to its macromolecular structures.  BC that was formed during incomplete 
oxidation of biomass may contain biopolymeric residue such as lignin debris, part of 
which, if encapsulated in BC matrices, may not be exposed fully to solution phase and 
may have survived in the corrosive solutions during the dichromate oxidation process.  
The KB fraction may contain weathered kerogen, aged BC, kerogen precursor, and 
residual biopolymers.  Matured and unweathered kerogen often contains only alkyl and 
aromatic carbons, but less matured amorphous kerogen may have other functional groups 
indicative of its precursor materials such as humic acids.  Freshly formed BC, 
depending upon its origins, may contain carboxylic functional group as well as alkyl and 
aromatic carbons, as shown in Figure A.4.  Kerogen and BC particles may have been 
degraded and weathered chemically and biologically during their transport and settlement 
in the environment, adding oxygen-containing functional groups including carboxylic 
carbons to their backbone structures.  Exposure to the corrosive dichromate solution 
may also have increased the contents of carboxylic group for BC although its backbone 
structure is resistant to the chemical under the testing condition.  Compared to those of 
the other three SOM fractions, the C-NMR spectrum of each BC sample required much 
longer acquisition time, indicating much weaker resonance signals for BC under cross 
polarization condition because of a lower content of hydrogen (Mao et al., 2000).  Such 
13
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low NMR signal intensities made it impossible to accurately estimate contents of BC and 
aromaticity of the bulk SOM from 13C-NMR spectra when both BC and humic acid are 
present.  For instance, the 13C-NMR spectra of the HKB fractions are very similar to 
those of HA although each HKB contains only a small amount of humic acid.   
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Table A.1 Particle size distribution of the isolated SOM (grain size in µm). 
Sample <2 2~5 5~15 15~30 30~65 65~130 >130 Median 
HKB 
SS 3.3 3.2 14.2 22.7 41.1 14.9 0.6 34.3 
RS 10.3 8.0 19.3 23.3 28.3 10.6 0.3 22.4 
PS 7.5 7.1 20.8 23.8 29.8 10.8 0.4 23.7 
MS 19.9 15.5 22.3 17.1 21.0 4.1 0.0 10.4 
KB 
SS 7.1 5.1 14.0 18.9 33.4 20.4 1.1 34.3 
RS 10.2 9.9 19.5 21.2 29.1 9.9 0.2 21.9 
PS 4.4 5.5 16.1 20.4 39.0 14.3 0.2 32.8 
MS 15.4 12.6 21.6 17.0 23.0 10.0 0.4 15.3 
BC 
SS 3.8 3.8 17.8 24.9 35.1 14.0 0.7 29.8 
RS 11.9 11.2 24.8 21.4 21.8 8.6 0.2 16.3 
PS 4.5 7.6 20.3 22.7 35.6 9.3 0.1 26.5 
MS 21.0 5.0 12.8 49.0 15.6 0.0 0.0 19.9 
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Figure A.1 Microphotographs of the isolated SOM particles under the microscope of 
transmitting (tran) and reflecting (ref) modes.   
PS, MS, SS, and RS in parentheses represent pond sediment, marine sediment, sandy soil, and 
river sediment from which the SOM fractions were isolated.  (W) the width of the photo.  (a) 
Yellowish semitransparent humic acids, brown-colored semitransparent vitrinite, and opague 
fusinite or BC particles.  (b) Fusinite with macroporous structure.  (c) Fusinite (BC) with 
macroporous structures and high reflectance.  (d) Fusinite with cellular structure and high 
reflectance.  (e) Opague fusinite and brown vitrinite. (f) Fusinite with high reflectance, 
semifusinite with median reflectance, and vitrinite with low reflectance.  (g) Smooth surface of 
humic acid particle.  (h) Transparent, semitransparent, and opaque humic acid particles.  (i) 
Opague modern BC particles.  (j) Fusinite of modern BC with high reflectance.  (k) Fusinite 
with cellular structure and high reflectance.  (l) Geologically-matured pollen emitting strong 
fluorescence 
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Figure A.2 Scanning electron microscopic photographs of the isolated SOM particles. 
(a) Large BC particle with elongate/layered structure and flat surface (MS) (width = 112 µm).  
ooth but irregularly shaped surface and macroporous structures 
) particles (112 µm).  (d) BC particles with 
(b) Large BC particle with sm
(MS) (50 µm).  (c) BC particles (center and low-left) with irregular shapes and macroporous 
structures (RS) and kerogen (low-right corner
irregular shapes and macroporous structures with mineral particles sitting in holes (RS) (112 µm).  
(e) BC particle with layered/plant cell structures and irregular shape (SS) (50 µm).  (f) spherical 
BC particle with smooth surface and macroporous structure (PS) (112 µm).  (g) Aggregates of 
HKB (MS) (112µm).  (h) Aggregates of KB + minerals (MS) (50µm).  (i) Particles of KB + 
minerals (PS) (112µm).  (j) Aggregates of HKB (SS) (40µm).  (k) Aggregates of KB with 
macroporous plant structures (PS) (40µm).  (l) BC particles with smooth and irregularly-shaped 
surfaces (SS) (112µm). 
 
 
 
 
 
182
HKB
MS
SS
RS
Figure A.3 Cross-polarization/magic angle spinning (CP/MAS) 13C nuclear magnetic 
resonance (NMR) spectra of the SOM fractions isolated from sandy soil (SS), pond 
sediment (PS), river sediment (RS), and marine sediment (MS). 
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Figure A.4 CP/MAS 13C-NMR spectra of the isolated BCs (SS, PS, RS, and MS) and 
modern BC samples. 
 
 
150250 50 -50
Chemical Shift (PPM)
-CH3-CH -2
RC-OH
RC-OR
R
R-O-OH
O
R-O-N-
O
SS
PS
RS
MS
Morden
 
 
 
 
 
 
 
184
 
Confer ce papers: 
• Xiao, Baohua, Yu, Zhiqiang, Song, Jianzhong, Peng, Ping’an and Huang Weilin, The 
l Meeting & Exposition, September, 7-11, 2003, New 
Yo  City, NY 
• Xiao, Baohua, Yu, Zhiqiang and Huang, Weilin, Phenanthrene and Naphthalene 
Competitive Sorption by isolated HA and Humin from Chelsea Soil, 228th ACS 
National Meeting & Exposition, August, 22-26, 2004, Philadelphia, PA 
Professional affiliations: 
Student Member, the American Chemical Society 
 
 
VITA 
 
Personal information: 
Name: Baohua Xiao 
Date of Birth: June 30 1970 
Citizenship: People’s Republic of China 
Eduction: 
Ph.D. in Environmental Science, Drexel University, Philadelphia, PA, USA, 
2004 
M.S. in Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of 
Sciences, Guiyang, China, 1996 
B.S. in Geochemistry, University of Science and Technology of China, Hefei, China, 
1993 
List of Publications: 
Journal articles: 
• Xiao, Baohua, Yu, Zhiqiang, Song, Jianzhong, Peng, Ping’an and Huang Weilin, 
Black Carbon and Kerogen in Soils and Sediments: 2. Their Roles in Equilibrium 
Sorption of Less-Polar Organic Pollutants, Environmental Science and Technology, 
(in press)  
• Ran, Yong; Xiao, Baohua; Huang, Weilin; Liu, Dehan; Fu, Jiamo; Sheng, Guoying; 
Peng, Ping’an. (2003) Kerogen in Borden aquifer material and its strong sorption for 
nonionic organic pollutants.  Journal of Environmental Quality, 32: 1701-1709. 
• Yu, Zhiqiang; Xiao, Baohua; Huang, H.; Peng, P. (2003) Sorption of steroid 
estrogens to soils and sediments. Environmental Toxicology and Chemistry, 23(3): 
531-539. 
en
role of black carbon and kerogen in the sorption of organic pollutants by soils and 
sediments, 226th ACS Nationa
rk
 
